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A bstract
A study was conducted to determine the applicability of a method for deter­
mining in situ saturated hydraulic conductivity in porous media. This method 
requires an accurate measurement of the horizontal pore water speed through a 
section of a borehole packed with a porous material of known hydraulic conduc­
tivity. Analytical expressions describing the theoretical basis for the method were 
investigated, as was the sensitivity of these expressions to varied parameters.
Experiments were designed and performed in an attem pt to determine if the 
theory could be successfully applied in a laboratory setting. These experiments 
were conducted in a large flowchamber which simulates a confined, homogeneous 
and isotropic aquifer, and which allows for precise control of aquifer pore water 
velocity. Two techniques were examined. The first technique involves measuring 
the advective component of a heat pulse generated within the borehole porous 
medium. The second technique involves determining the dilution rate of an elec­
trolytic tracer introduced into the borehole porous medium. For each technique, 
experimental instruments were designed and constructed, or existing instruments 
were modified. Theoretical considerations and analytical expressions justifying 
each technique were developed and investigated.
T able o f  C ontents
A B STR A C T .................................................................................................................. iii
LIST OF TABLES ....................................................................................................... vi
LIST OF FIG U R E S..................................................................................................... vli
ACKNOWLEDGEMENTS ........................................................................................  ix
INTRODUCTION ....................................................................................................... 1
PURPOSE AND OBJECTIVE OF STUDY .........................................................  5
REVIEW OF TRADITIONAL METHODS FOR DETERMINING 
SATURATED HYDRAULIC CONDUCTIVITY.................................................  6
CONCEPT AND DEVELOPMENT OF AN IN  SITU  SATURATED 
HYDRAULIC CONDUCTIVITY METHOD ........................................................  10
M athematical Development ............................................................................  10
Sensitivity of Hydraulic Conductivity Equations to K  ........................... 15
Summary ............................................................................................................. 18
MEASUREMENT OF THERMAL PULSE ADVECTIVE SPEED IN A 
SATURATED POROUS MEDIUM ........................................................................  19
Theory and Method ..........................................................................................  19
REVIEW OF BOREHOLE DILUTION TECHNIQUE FOR MEASUR­
ING AVERAGE LINEAR GROUND-WATER VELOCITY ............................. 29
Theory and Method ..........................................................................................  30
Factors Which Influence Ground-W ater Flow W ithin the Borehole 
Measuring Volume ............................................................................................  35
Hydraulic and Hydrogeologic Effects .................................................  35
Instrument Effects ..................................................................................  36
Tracer Mixing Effects ............................................................................  36
Physical Effects .......................................................................................  37
Borehole Construction Effects..............................................................  38
MODIFIED BOREHOLE DILUTION TECHNIQUE FOR MEASUR­
ING FLOW VELOCITY THROUGH POROUS MEDIA ................................... 41
Theory and Method ..........................................................................................  41
Factors Which Influence Pore W ater Flow W ithin the Packed
Borehole Measuring Volume ...........................................................................  44
iv
Hydraulic and Hydrogeologic Effects .................................................  45
Instrum ent Effects ..................................................................................  45
Tracer Mixing and Physical Effects....................................................  45
Borehole Construction Effects..............................................................  46
DISCUSSION OF EXPERIMENTAL METHODS AND RESULTS ................ 48
Determination of Borehole Packing Material Hydraulic Conduc­
tivity .................................................................................................................... 48
Flowchamber Construction and Characteristics ......................................... 52
Modified Thermal Flowmeter E xperim ents.................................................  58
Normal and Modified Borehole Dilution Experiments .............................. 66
Normal Borehole Dilution Experiments ............................................  66
Modified Borehole Dilution Experiments ........................................... 75
SUMMARY AND CONCLUSIONS ........................................................................  110
Modified Thermal Flowmeter Experim ents.................................................  110
Modified Borehole Dilution Experiments .....................................................  110
SUGGESTIONS FOR FUTURE RESEARCH .....................................................  113
REFERENCES ............................................................................................................ 115
APPENDIX I ................................................................................................................ 118
Sensitivity Analysis of Hydraulic Conductivity Equation ....................... 118
APPENDIX I I ............................................................................................................... 145
Digital Data-Normal Borehole Dilution Experiments ................................ 145
APPENDIX m  ............................................................................................................. 157
Digital Data-First Varied-K Experim ents..................................................  157
APPENDIX IV ...............................F............................................................................  168
Digital Data-Second Varied-K Experiments ............................................... 168
APPENDIX V ...................................,r......................................................................... 193
Digital Data-Third Varied-K Experiments ................................................  193
v
List o f Tables
1. Theoretical and experimental glass bead hydraulic conductivity values.
2. Flowchamber conductive tracer experiment results.
3. Normal borehole dilution experiment results.
4. Laboratory apparatus system parameters.
5. Summary of initial varied-K, experiment results.
6. Summary of second varied-K. experiment results.
7. Summary of third varied-K^ experiment results.
8. Example program output.
9. Summary of sensitivity data.
10. Complete range of AK .
vi
List o f Figures
1. Response of a uniform flow-field to the presence of a permeable cylinder.
2. Sensitivity of hydraulic conductivity equations to the parameter K..
3. Sketch of the K-V Associates thermal flowmeter system.
4. Geometry of K-V Associates thermal flowmeter downhole probe.
5. Relationship between conductive and advective temperature fields generated 
by K-V Associates thermal flowmeter.
6. Theoretical Response of the K-V Associates thermal flowmeter system.
7. Explanation of borehole dilution geometry.
8. Idealized map view of borehole permeability zones.
9. Explanation of modified borehole dilution geometry.
10. Diagram of constant-head permeameter used to determine glass bead 
hydraulic conductivity.
11. Idealized diagram of aquifer-simulating flow chamber.
12. Engineering diagrams of aquifer-simulating flowchamber.
13. Plan view of aquifer-simulating flowchamber well locations.
14. Tracer breakthrough curves used to determine flowchamber media porosity.
15. Thermal flowmeter experimental configuration.
16. Flowmeter circuit for monitoring heat pulse breakthrough at down gradient 
thermistor.
17. Results of thermal flowmeter experiments.
18. Diagram of laboratory borehole dilution apparatus.
19. Laboratory apparatus calibration curve.
20. Example plot of the analog output resulting from a borehole dilution experi­
ment.
21. Semilogarithmic plot of electrical conductivity verses time for the normal 
borehole dilution experiments.
22. Empirical curve used to calculate the flow-field distortion factor a  for the 
normal borehole dilution experiments.
23. Expected verses calculated flowchamber velocity, showing amount of devia­
tion from ideal.
vii
24. Diagram of downhole tool used in hydraulic conductivity experiments.
25. Example analog record from first glass bead experiments.
26. Diagram of laboratory apparatus, showing location of mixing chamber.
27. Results of mixing chamber experiments.
28. Two-compartment model used to determine theoretical time at which homo­
geneous mixing has occured.
29. Results of system mixing-constant experiment.
30. Results of repeatability experiments.
31. Theoretical output of laboratory apparatus for known flowchamber pore 
water velocity.
32. Results of first varied-K experiments.
33. Comparison of theoretical verses experimental response for the first varied-K, 
experiments.
34. Theoretical verses experimental change in semilogarithmic slope as a function 
of K f , for the first varied-K, experiments.
35. Results of second varied-K experiments.
36. Comparison of theoretical verses experimental response for the second 
varied-K experiments.
37. Theoretical verses experimental change in semilogarithmic slope as a function 
of K f, for the second varied-K experiments.
38. Idealized representation of the flow-field distribution due to the packed 
borehole section.
39. Idealized representation of flow-field after increasing the packed borehole sec­
tion.
40. Theoretical verses experimental changes in semilogarithmic slope as a func­
tion of K , for the third varied-K experiments.
A cknow ledgem ents
I wish to thank the Desert Research Institute and the U.S. Environmental 
Protection Agency for the financial assistance provided under cooperative agree­
ment #  CR 812713-01-5.
My special appreciation is extended to Dr. Kendrick Taylor, who provided 
invaluable assistance, suggestions, encouragement, and threats for which this 
thesis is the direct result.
I also wish to thank my advisor and committee members: Dr. John Hess, Dr. 
Stephen W heatcraft, Dr. Frederick W. Bachhuber, and Dr. Leonard Zane, for 
valuable help and suggestions.
Finally, I would like to thank Thomas Morris for his help and expertise in 
"sandboxology," and Carolyn Hapogian for her assistance in creating some of the 
figures within this document.
Introduction
Degregation of ground-water quality by such contaminants as trace metals 
leached from poorly designed sanitary landfills, hazardous fertilizer and pesticide 
compounds employed in agricultural activities, and waste-water effluent contain­
ing viruses, bacteria, and dissolved organic m atter is an ever increasing reality of 
modern urban life. Appreciation of this problem has led to a more concerted 
effort by hydrogeologists to develop methods for detecting and controlling 
ground-water contamination. Along these lines, the problem of predicting 
migration paths and transport rates of dissolved contaminants in ground-water 
flow systems is of particular importance, and requires an understanding of the 
phenomena which govern the hydraulic transmission of ground water through an 
aquifer. One of the most important quantitative measures of such transmission is 
saturated hydraulic conductivity.
Saturated hydraulic conductivity is a parameter which expresses the ease 
with which a fluid is transported through a porous material saturated with that 
fluid. Hence, saturated hydraulic conductivity is a function of both the porous 
medium and the fluid which passes through this medium. Saturated hydraulic 
conductivity is commonly expressed as (Bear, 1972):
where:
k =  intrinsic permeability =  Cd2, 
p =  fluid density,
2p  =  fluid viscosity,
g =  acceleration of gravity,
d == mean grain diameter of porous material,
C =  empirical coefficient describing shape of the porous material.
Measured values of saturated hydraulic conductivity are subject to hetero­
geneity and anisotropy within a geologic formation. Sedimentary rock forma­
tions and unconsolidated lacustrine and marine deposits commonly possess a lay­
ered heterogeneity, where individual beds within a formation are relatively 
homogeneous, but the entire formation (containing many layered beds) is not. 
The presence of faults and other large-scale stratigraphic features, such as 
bedrock-overburden contacts and geologic facies can produce discontinuous 
heterogeneities. Geologic processes which create alluvial fans and deltas can 
result in trending heterogeneities, where the value of K  varies in sections over the 
areal extent of the formation (Freeze and Cherry, 1979). Other factors can affect 
the measured value of K. Spatial and temporal variations in fluid temperature, 
or in the concentration of dissolved solids, can affect p and p, causing K to vary 
in space and time. Changes in formation permeability k due to external loading 
of the formation (which changes the structure of the porous matrix), dissolution 
of portions of the formation (common in limestone) causing channelization 
within the formation, or the presence of clay within a porous matrix generally 
produce variations in K that are large compared to variations owing to changes 
in p and p..
For a wide range of geologic materials and formations ranging from karst 
limestone to unfractured metamorphic rock to unconsolidated sand and gravel 
deposits, the parameter K varies over approximately 13 orders of magnitude 
(Davis, 1969). Few physical parameters possess this range of values, and hence
3an order-of-magnitude knowledge of K in the horizontal dimension is generally 
considered well defined. However, greater resolution for Iv in the vertical dimen­
sion may be important, especially in solute transport investigations.
Heterogeneities and anisotropy within geologic materials and formations 
greatly complicate the problem of prediction and detection of contaminant 
migration in ground-water flow systems. Research into the effects of strati- 
graphic variations on contaminant migration has been conducted by numerous 
investigators (Baetsle, 1969; Fried, 1975; Pickens and Lennox, 1976). Results 
indicate th a t in situations where thin, higher conductivity layers exist within 
relatively homogeneous formations, contaminants move through the flow system 
almost entirely within these layers. Thin beds within relatively homogeneous 
formations possessing Iv-values which vary from those of the formation by an 
order of magnitude or more exert a very strong influence on contaminant migra­
tion patterns and velocity distributions.
Discontinuous heterogeneities can produce additional problems with con­
tam inated ground water. These types of heterogeneities can cause large distor­
tions within a flow system, and can lead to the introduction of contaminants to 
the biosphere through such mechanisms as spring discharge along faults, or 
uptake by plants (Freeze and Cherry, 1979).
Unfortunately, in most hydrogeologic investigations at waste sites, forma­
tion heterogeneities can easily go undetected. Because of this problem, hydrogeo­
logic research into new and more accurate methods of determining saturated 
hydraulic conductivity are extremely im portant. Particularly, development of in 
situ methods for determining saturated hydraulic conductivity which are accu­
rate, inexpensive, and easily applied would be extremely useful to the practicing 
hydrogeologist. Ideally, these methods would be applicable to single-well situa­
tions, would provide information on the vertical variation of K within a
4formation, and would yield results which are at least as accurate as those deter­
mined using traditional methods. This thesis experimentally examines an in situ 
method for determining K which theoretically exhibits the above qualities.
5Purpose and O bjective o f S tudy
This study was conducted to determine the feasibility of a method for 
determining in situ saturated hydraulic conductivity. The method follows from 
theoretical work conducted by W heatcraft and Winterberg (1985). The proposed 
method applies this theoretical work to obtain values for aquifer saturated 
hydraulic conductivity and aquifer specific discharge in the vertical dimension. 
The hypothesis of this study is whether the proposed method is applicable in a 
laboratory setting, with the ultimate objective of the study being verification or 
rejection of this hypothesis.
The approach followed in achieving the study objective was as follows. 
First, the theory and method were analyzed to determine the parameters requir­
ing experimental measurement, and to determine the predicted results. Next, 
planning and design of experiments to measure the defined parameters was 
accomplished, and these experiments were carried out. This was followed by 
analysis of the experimental data, and comparison of these data to the results 
predicted by the theory and method.
Verification of the hypothesis was considered complete if the experimentally 
derived results were within the range of the results predicted by the theory and 
method. More often than not, analysis of the experimental data revealed previ­
ously unrecognized sources of error or noise, hence redesign and reperformance of 
experiments based on previous experimental results was necessary. Based on the 
results of the study, suggestions for further research were made.
6R eview  o f T raditional M ethods for D eterm ining  
Saturated H ydraulic C onductivity
Traditionally, there are three basic methods for determining saturated 
hydraulic conductivity: estimation methods, laboratory methods, and in situ 
field methods. Each of these basic methods possess limitations, advantages, and 
disadvantages. Estimation methods involve the use of information known or 
assumed concerning the porous medium, and based on this information a value 
for Iv is directly calculated. The most common estimation equation for K is the 
Fair-Hatch Equation (Todd, 1959), which requires information determined 
through a sieve analysis of a sample of the porous medium. The advantages of 
estimation methods are the relative speed and small expense of determining a 
value for K. Unfortunately, this K-value often misrepresents the true value of K 
within the formation by several orders of magnitude, and does not consider 
aquifer heterogeniety or anisotropy (Freeze and Cherry, 1979). Although estima­
tion methods may work fairly well for unconsolidated materials, they are essen­
tially useless for consolidated materials.
Laboratory techniques provide K-values which are more representative of 
actual formation K, but can still misrepresent the true value of K by one or 
more orders of magnitude (Freeze and Cherry, 1979). In general, laboratory tech­
niques involve the use of one of two measuring devices, a constant-head per- 
meameter or a falling-head permeameter. Each of these devices utilize a sample 
of the porous medium, usually obtained from core samples. This sample is placed 
within a container of known geometery, saturated, and exposed to a hydraulic
7head differential. The basic operating principle for each apparatus is Darcy’s 
Law, which can be written:
K =  m
A A1 ’ 1 j
where:
Q =  volumetric discharge through the porous sample,
A =  cross-sectional area of sample perpendicular fluid flow,
h =  hydraulic head,
1 =  length coordinate in direction of flow.
Inaccuracies in laboratory determined Iv-values are usually the result of the 
disturbed nature of the sample, which alters the true value of the formation per­
meability k. Also, differences in fluid parameters between the laboratory and the 
formation can produce significant inaccuracies in laboratory determined values of 
K. Furthermore, as in estimation methods, laboratory techniques provide only 
point values for K, and hence practical application of this technique requires 
numerous samples from within the formation.
Current methodology for determining in situ saturated hydraulic conduc­
tivity involves one of two field tests: "piezometer tests" or "aquifer tests". Both 
types of tests can be performed within confined or unconfined aquifers. Piezome­
ter tests utilize either slug techniques (where a volume of water is introduced 
into the piezometer, and the static water level recovery time is monitored), or 
bailing techniques (where a volume of water is removed from the piezometer, and 
the static water level recovery time is monitored). For both techniques, graphi­
cal analysis of the recovery time data yields parameters from which K is calcu­
lated. Slug-test data analysis follows the method of Hvorslev (1951), Boersma 
(1965), or Bouwer and Jackson (1974), while bailer-test data  analysis follows the
method of Cooper et aL, (1967) or Papadopoulos et al., (1973). The choice of 
which technique to employ is usually based on the type of aquifer in which the 
piezometer is completed. The slug technique is commonly utilized in unconfined 
aquifers, while the bailer technique is useful in confined aquifers (Freeze and 
Cherry, 1979). The main limitation with the slug or bailer technique is that both 
tests are heavily dependent on high-quality piezometer intake. Wellpoint or 
screen clogging or corrosion can make measurements highly inaccurate. When 
applying the bailer technique within a piezometer screened along its entire 
length, the Iv-value determined is vertically averaged over this length and hence 
vertical heterogeneities within the formation will go unnoticed. Application of 
the slug technique within a point-piezometer provides a Iv-value characteristic of 
the small volume of aquifer surrounding the wellpoint. Furthermore, piezometer 
construction can disturb the formation matrix immediately surrounding the 
wellpoint or screen, significantly altering the true value of K  in this region. How­
ever, piezometer tests do provide values for K which are considered more reli­
able than those determined through estimation or laboratory methods.
Aquifer tests, unlike piezometer tests, provide in situ measurements of 
saturated hydraulic conductivity which are averaged over a large aquifer volume. 
Aquifer tests require a pumping well and at least one observation well to be com­
pleted within the aquifer under investigation. It is possible to use the pumping 
well as an observation well, although data obtained in this way are subject to 
more uncertainty than that collected from true observation wells. Basically, the 
technique involves pumping water from the aquifer at a constant rate, while 
monitoring the water level drawdown as a function of time within observation 
wells a known distance from the pumping well. Similar to piezometer tests, 
graphical analysis of these drawdown verses time data yield parameters from 
which a value for K can be determined. Two common analysis techniques
9employed are the Theis method (Theis, 1935), -which involves matching plotted 
field data against master curves, and the Jacob method (Cooper and Jacob, 
1946), which involves interpretation of the field data plotted semilogarithmically. 
Many other analysis techniques are available for a variety of governing equations 
and initial and boundary conditions (Kruseman and de Ridder, 1970). The main 
advantage of an aquifer test is that information concerning the storage proper­
ties of the aquifer are revealed. Also, the presence of certain structural features 
within an aquifer which act as hydraulic barriers can sometimes be deduced from 
aquifer test data. A major disadvantage of using aquifer tests to determine K is 
expense — the cost of installing pumping and observation wells is difficult to 
justify in most geotechnical applications (Freeze and Cherry, 1979). Another 
disadvantage in aquifer tests is the inherent ambiguity involved in curve match­
ing. Simply because aquifer test data fit a theoretical curve does not prove that 
the aquifer fits the assumptions on which the curve is based. Also, the need for 
pumping large volumes of water from the formation makes the use of aquifer 
tests unacceptable in most contamination studies.
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C oncept and M athem atical D evelopm ent o f an In Situ Saturated  
Hydraulic C onductivity  M ethod
The theory developed in this section for determining in situ hydraulic con­
ductivity of a saturated, porous medium was first proposed by W heatcraft et al., 
(1986), and follows from earlier work by W heatcraft and Winterberg in 1985. In 
general, the theory states tha t if an accurate measurement of the horizontal pore 
water speed through a section of a cylindrical borehole packed with a porous 
material of known hydraulic conductivity can be made, then the hydraulic con­
ductivity of the aquifer material surrounding the borehole can be determined, as 
well as the ambient ground-water flow rate and direction.
M ath em atica l D evelopm ent
Consider a saturated, homogeneous and isotropic aquifer in which a steady-
state, lateral flow field exists. It is assumed that the flow field obeys the Laplace
Equation in three dimensions and that flow within the aquifer is uniform and
laminar. Embedded within this aquifer is a permeable cylinder of hydraulic con-'
ductivity K which differs from the aquifer hydraulic conductivity K . The 
P Qj
condition of a homogeneous, isotropic aquifer exhibiting Darcian flow requires 
that all pertubations experienced by the flow field be due to the presence of the 
permeable cylinder. For a cylinder which is more permeable than the surround­
ing aquifer, the flow field is disrupted in such a way th a t fluid preferentially 
moves into the cylinder, increasing the pore water speed within the cylinder rela­
tive to the aquifer. Conversely, for a cylinder which is less permeable than the 
surrounding aquifer, the flow field is disrupted such tha t fluid tends to move
11
around the cylinder, decreasing the pore water speed within the cylinder relative 
to the aquifer. These situations are shown in Figure 1. For a cylinder with per­
meability equal to tha t of the aquifer, the flow field remains undisturbed.
The response of the flow field to the presence of the permeable cylinder has 
been examined theoretically by Wheatcraft and Winterberg (1985). The solu­
tion, as detailed in W heatcraft et al., 1986, is presented in the form of two com­
plex potentials, one for the aquifer (w ) and one for the cylinder (w ):21 P
tt , U K 'a2 , .wa =  Uz+---------- , (2)
and:
where:
w = U K " z ,  (3)
9a
( 1 —K r) 
K' =  V rJ
K "  -
(1+Kr) ’ 
(2Kr) 
(1+Kr) ’
and:
K =  - d -  
r Ka ’
Ka, =  hydraulic conductivity of the aquifer, 
Kp =  hydraulic conductivity of the cylinder, 
qa =  aquifer specific discharge =  (Va)(na),
Va =  aquifer pore water speed,
12
UNIFORM FL O W  FIELD
Figure 1. Response of a uniform flow-field to the presence of a  permeable 
cylinder. Shown is map view, flow in X-direction. Cylinder radius =  r
(modified after W heatcraft et al., 1986).
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na =  aquifer porosity, 
z =  complex variable =  x+iy,
i - V = T .
The boundaiy conditions which validate this solution are th a t both the flow and 
the potential within the aquifer and within the cylinder are equal at the aquifer- 
cylinder boundary, hence (2) and (3) are valid at this interface. Both (2) and (3) 
can be separated into real and imaginary parts, where the real part is related to 
the potential, and the imaginary part is related to the stream function. The 
value of the particular stream line which is tangent to the cylinder represents the 
amount of flow which passes through one half of the cylinder, thus twice this 
value represents the total flow through the cylinder. Representing the stream 
function as ty, and taking the algebraically simpler (3):
#  =  (K jn ,
where:
qa12 =  imaginary part of wp =  K ' ' y,
v
and therefore:
^  =  q JC '' y.
Referring to Figure 1, the stream line tangent to the cylinder occurs at x = 0 ,
y = rp :
=  qaK' ' v
therefore total flow through the cylinder is:
Qp =  2% =  2q0K " rp. (4)
14
Q represents the volumetric discharge per unit length through the permeable
r
cylinder, and can also be written as the product of the cylinder diameter and the 
the cylinder effective pore water speed:
Qp =  (Vpnp)(2rp), (5)
where:
np =  cylinder porosity.
Setting (4) and (5) equal, subsituting for K ' '  and solving for q gives:£L
1+Kr
Kr (6)
which can also be written:
q =  Z hnP4a n
Ka+Kp
Kp
(7)
The significance of (7) becomes apparent when applied to a real situation. If 
it is assumed th a t a cylindrical borehole, completed within a porous aquifer exhi­
biting Darcian flow and packed with a material of known porosity and hydraulic 
conductivity approximates the conditions which validate (7), then it is theoreti­
cally possible to determine the aquifer specific discharge q and hydraulic con-
8;
ductivity K  by measuring the horizontal pore water speed through the packed
cl
borehole V . Application of this technique would require a measurement of 
borehole pore water speed through two different borehole packing materials. If 
n  ^ and K pj are the porosity and hydraulic conductivity of the borehole pack­
ing material through which a pore water speed of V  ^ is measured, and likewise 
n ^ ,  K p2> and Vp9 are the same parameters for a different borehole packing 
material, then using (7):
15
l^a
i np i Ka+Kpi
K,pi (8 )
and:
qa =
^p2^p2 K,+K,p2
K,p2
(9)
Equating (8) and (9) and solving for K yields:2i
K . -  (KplKp!) ^p2np2 ^ p lnpl
^ p lnpl^p2 ^p2^p2^pl
(10)
Hence, by making two independent measurements of the pore water speed 
through a borehole packed with a porous material of known hydraulic conduc­
tivity, it is theoretically possible to determine the hydraulic conductivity of the 
aquifer material directly surrounding the borehole.
Sensitiv ity  o f H ydraulic C onductiv ity  E q u atio n s  to  K f
It is im portant to investigate the sensitivity of the equations developed in 
the previous section to the value of the cylinder-aquifer hydraulic conductivity 
ratio K . Taking (6), let e be a dimensionless constant such that:
2Kr
e =
Vpnp
Vana U+Kr)
(11)
The constant e can be thought of as a dimensionless borehole pore water speed. 
If the borehole is packed with a porous material of zero permeability, then:
lim e = 0 ,
K r—*-0
and:
vP = o.
16
Similarly, if a borehole is packed with a porous material of "infinite" permeabil­
ity (that is, an open borehole), then:
lim e =  2,
K r—+00
and:
V Pn P __ 9
Vana ’
or:
Vpnp =  2(Vana). (12)
The conclusion reached in (12) is discussed in Wheatcraft et al., 1986. This
result demonstrates that the maximum pore water speed through a borehole 
packed with a porous material of hydraulic conductivity K , imbedded in a
porous aquifer of hydraulic conductivity Ka (with pore water flow obeying
Darcy’s Law), is twice the aquifer pore water speed.
Figure 2 is a graph of e and de/dK f as a function of K f . The curve 
representing e clearly demonstrates the asymtotic nature of e, while the curve 
representing de/dK r demonstrates the sensitivity of (6) to changes in K^. As Fig­
ure 2 illustrates, e experiences its greatest change for values of less than 1. 
For values of K greater than 1, changes in e become very small. For values of 
K greater than 5, changes in e are insignificant.
The physical interpretation of the results shown in Figure 2 is quite impor­
tant. The technique for determining in situ aquifer hydraulic conductivity in the 
region surrounding the borehole requires two measurements of borehole pore 
water speed through porous packing material of differing but known hydraulic 
conductivities. Intuition suggests th a t a large value of Kr will produce a "sink 
effect" such that a large portion of aquifer pore water flow will be funneled into
17
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Figure 2. Sensitivity of hydraulic conductivity equations to the parame- 
ter Kp. The parameter can be thought of as dimensionless borehole 
pore water speed.
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the packed borehole, producing a large, measurable borehole pore water speed
V . However, because the greatest rate of change in e occurs for values of
less than 1, this is the range of maximum sensitivity of (6). In this Kr range,
small changes in K , produce relatively large changes in e, and therefore a
measurable value of V . For values of greater than about 2, the change e,
and therefore the measurable change in V , is very small. Thus, for values of
in this range, instrument sensitivity to V will become a critical factor. This
P
situation represents a problem in tha t the sensitivity to change in e takes place 
in the low range of K^, where is difficult to measure. As becomes large 
(and hence easier to measure), the change in t becomes small, and hence difficult 
to measure. Thus, with high aquifer specific discharge, it is relatively easy to 
measure V , but difficult to measure K . Conversely, at low aquifer specificp 2L
discharge, it is difficult to measure Vp, but if a good value for Vp could be
obtained, then K  would also be easy to determine.21
S u m m ary
Although theoretically correct, the experimental application of (10) requires 
a technique for directly measuring pore water speed through a borehole packed 
with a material of known hydraulic conductivity, a problem which until now has 
not been addressed. Furthermore, the technique used to measure the borehole 
pore water speed must be sensitive such tha t changes in the amount of flow 
moving through the borehole packing material as a function of the hydraulic 
conductivity of this material can be detected. Analysis of the hydraulic conduc­
tivity equations presented in this section suggest that the most promising results
should be obtained for values of K  less than about 2. This thesis considers theser
problems by investigating two possible methods for direct borehole pore water 
speed measurement, a heat pulse advective transport method and a modified 
borehole dilution method.
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M easurem ent of T herm al Pulse A dvective Speed  
in a Saturated  Porous M edium
K-V Associates, Inc., have designed a single-well flowmeter which the 
manufacturer claims can detect aquifer pore water velocities in the range of 0.03 
m /d to 3.0 m /d. (Kerfoot, 1982). In general, the system operates by generating 
a heat pulse within a borehole section packed with a saturated porous medium. 
Temperature changes within this medium (due to the transported heat pulse) are 
then related to the aquifer pore water velocity. Unfortunately, operating pro­
cedures require a laboratory calibration of questionable reliability. Modifications 
to the flowmeter system were made in an attem pt to directly measure the pore 
water velocity through the borehole porous packing material, thus allowing a 
value for the aquifer hydraulic conductivity to be determined.
T heory  an d  M ethod
Measurement of ground-water velocity with the K-V Associates flowmeter is 
based upon the transport of a thermal heat pulse within a porous medium, 
under the influence of interstitial fluid flow (Kerfoot, 1982). The flowmeter sys­
tem consists of a downhole probe and an uphole electronics package (Figure 3). 
The downhole probe contains a stainless-steel, 17 w att heating probe symmetri­
cally surrounded by ten heat-sensistive thermistors (Figure 4). Ideally, the 
downhole probe is buried in an aquifer with minimal disturbance to the porous 
medium. When operating the flowmeter, a transient, short duration point- 
source of heat is generated at the heating probe tip, which is then transported 
radially away from the heat source. If interstitial fluid flow does not exist, then
20
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Figure 3. Sketch of the K-V Associates thermal flowmeter system 
(modified after Kerfoot, 1982).
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Figure 4. K-V Associates thermal flowmeter downhole probe geometry (after 
Melville et al., 1986).
heat transport is by conduction, and the rate of heat transport is dependent on 
the thermal conductance of the porous material and the stationary pore water. 
If interstitial fluid flow does exist, then heat transport is by two mechanisms — 
conduction through the porous material and advection by water moving through 
the porous medium. Therefore, for conductive heat transport alone, a symmetric 
temperature field is generated about the heat probe, and opposing thermistors 
are exposed to the same temperature. For conductive and advective heat tran­
sport, opposing thermistors are exposed to an asymmetric temperature field 
which is shifted in the direction of pore water movement. Theoretically, the 
magnitude of the asymmetry between opposing thermistors is proportional to 
the thermal front advective velocity, and therefore the pore water velocity.
The thermodynamic and hydrodynamic properties which control the 
response of the flowmeter have previously been investigated (Kerfoot, 1982; Mel­
ville et al., 1985; W heatcraft et al., 1986). In particular, the idealized model 
presented in Melville et al., (1985), is useful in understanding the flowmeter 
operating principles. If the heat pulse generated at the heating probe tip is tran­
sported via conduction radially away from the source, then an analytical solu­
tion for the temperature field generated by this heat pulse can be derived. The 
partial differential equation which describes this situation can be written:
aT - k a2T 2 <9Tat dr~ r dr
where:
T(r,t) =  temperature ( ° C), 
t =  time (sec), 
r =  radial position (cm),
23
k =  =  thermal diffusivity (cm2/sec),pc
Iv =  thermal conductivity (cal/ 0 C—cm/sec), 
p =  density of medium (gm/cm3), 
c =  specific heat (cal/gm— ° C).
Referring to Figure 4, for the region r> a , initially at T = 0 , and subjected to 
a constant heat flux Fq applied at r = a  for an amount of time t > 0, the solution 
to (13) follows from Carslaw and Jaeger (1959):
T(r,t) =
Ivr
/  \
erfc r—a — exp r—a kt erfc
2Vkt a a2
r—a , Vkt
2Vkt
(14)
The linearity principle can be applied to (14) to derive a solution for the situa­
tion where the heat flux FQ is applied for a finite time tQ (Melville et al., 1985).
The initial conditions are:
o> r =  a and 0< t < t 0,
<9T
- K i r - F '
—Iv-^— =  0 , r =  a and t >  t0, 
ar
where for the K-V Associates flowmeter: 
a =  0.315cm, 
t0 =  24 sec.
The boundary conditions are:
T(r,0) =  0,
T(oo,t) =  0 .
(15)
(16)
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Application of the conditions (15) and (16) to (14), and using the linearity prin­
ciple, the temperature field generated by the flowmeter follows from (Melville et 
al., 1985):
a°“Fo r i
T (r ,t )  =  i ^ r L u ( r ’t ) _ u ( r ’t _ t o ) J ’ (17)
where:
U(r,t) =  erfc r—a
2Vkt
—exp r—a , kt erfc r—a , V kt
2Vkt
The temperature field generated by (17) is the result of conductive heat 
transport only. If it is assumed that the heat pulse generation timespan t^ is 
small such that:
where:
V t0 «  a,
V =  heat pulse front advective velocity,
then the temperature field generated by advective heat transport can be closely 
approximated, simply by displacing the conduction field a distance Vt (Melville 
et al., 1985). This situation is shown in Figure 5.
The fundamental operating principle of the flowmeter is based on the sensi­
tivity of the instrument to temperature differences between opposing thermistor 
pairs. For the thermistor pair parallel to the direction of ground-water flow:
AT =  T(r0—Vt,t) -  T(r0+V t,t), (18)
where:
r0 =  radial position of opposing thermistors =  1.60 cm.
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Figure 5. Relationship between conductive and advective temperature 
fields generated by K-V Associates thermal flowmeter (modified after 
Melville et al., 1985).
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The heat pulse advective velocity V is nearly proportional to the maximum
value of (18), AT . Figure 6 is a plot of the theoretical response of the
flowmeter for various values of V. The small shift of AT to smaller timesmax
for larger advective velocities is an expected result for conduction dominated 
heat transport (Melville et al., 1985). Strictly speaking, the heat pulse advective 
velocity V will be less than the speed of a conservative tracer moving through 
the same medium. This is because, assuming thermal equilibrium is reached 
between the moving pore water and the stationary porous medium instantane­
ously, some heat is absorbed by the porous medium (Parr et al., 1983; Melville et 
al., 1985). V and Vfc are related by the specific discharge q through the porous 
medium:
\ r  °vwV =  q ,
c v m
and:
where:
Vt =  conservative tracer speed, 
n =  porosity of medium,
cvw =  pwcw =  volumetric heat capacity of water,
c v m  =  n P w c w + ( l — n ) P s c s  =  volumetric heat capacity of saturated medium,
pw =  density of water,
pm =  density of porous material,
cw =  specific heat of water,
cm =  specific heat of porous material.
A
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Figure 6. Theoretical response of the K-V Associates thermal flowmeter 
for selected values of V (modified after Melville et al., 1985).
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If it is assumed that the decrease in V due to heat absorbtion by the porous 
medium is negligible over the heat probe-thermistor distance, then:
V =  V f
When operated as designed, the flowmeter measures the difference in resis­
tance between opposing thermistor pairs at a set time after the heat pulse is 
emitted. Thus, the flowmeter output is a relative number which must be con­
verted to aquifer pore water speed. K-V Associates provides a small 
flowchamber which is used to calibrate the flowmeter. This is accomplished by 
filling the flowchamber with porous material representative of the aquifer 
material in which field measurements will be performed, and then embedding the 
flowmeter probe within this material. A constant-flow metering pump is used to 
generate a series of known flow rates through the flow chamber, and the instru­
ment response is noted. Based on these measurements, an empirical calibration 
curve of flowmeter output verses flow rate is produced. This calibration curve is 
then used in the field to convert flowmeter response into aquifer pore water 
speed.
W heateraft et al., 1986, have thoroughly investigated the manufacturers 
suggested calibration procedures, and found them to be of limited worth. 
Specifically, the practice of using disturbed aquifer material as a medium 
through which the flowmeter is calibrated is flawed, since this material probably 
has hydraulic properties much different than the in situ values found in the field. 
Thus, in designing experiments utilizing the flowmeter in determining the pore 
water speed through a borehole packed with a porous material of known 
hydraulic conductivity, empirical calibration must be avoided.
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R eview  o f Borehole D ilution Technique for M easuring  
A verage Linear G round-W ater V elocity
The borehole-dilution technique, also called the point-dilution technique, is 
used to determine the average horizontal ground-water velocity within a 
saturated porous aquifer. In general, this technique relates the dilution of a 
tracer introduced into an isolated section of a borehole to the undisturbed 
ground-water flow within the porous medium surrounding the borehole. 
Modification of this technique may allow for the determination of the pore water 
velocity through a borehole packed with a porous material of known hydraulic 
conductivity, and therefore the calculation of aquifer saturated hydraulic conduc­
tivity, as in (10).
Borehole-dilution theory was originally developed in the Soviet Union by O. 
J. Kocherin in 1916. Further theoretical work was performed by N. A. Olgilvi in 
1958. Additional theoretical work, as well as tool design and field applications 
was accomplished by B. K. Matveev (1958) and I. I. Grindbaum (1965). These 
investigators concentrated on the use of electrolytic tracers, helping to define 
their limitations. Later work by researchers in Europe and North America 
(Halevy et al., 1967; Drost et al., 1968; M erritt, 1975) focused on the use of 
radioactive tracers. Although these tracers overcome some of the problems asso­
ciated with electrolytic tracers, they introduce a host of problems of their own. 
Specifically, the environmental concerns and subsequent licensing difficulties for 
radioactive tracers in North America has shifted current research emphasis back 
to electrolytic tracers. Recent work by Grisak et al., 1977, and Belanger (1984) 
has shown th a t the use of electrolytic tracers in borehole-dilution experiments
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can provide reliable ground-water velocity measurements down to a diffusion 
velocity of 0.01 m /day, can be repeated with a high degree of accuracy, and 
compares favorably with other ground-water velocity measuring techniques.
B orehole D ilu tion T heory  an d  M ethod
Borehole-dilution theory relates the change in concentration of a tracer 
introduced into an isolated section of a borehole to the undisturbed advective 
pore water velocity of the surrounding aquifer. It is assumed that the pore 
water within the aquifer exhibits horizontal, laminar flow. This assumption 
allows for certain observed distortions in the flow-field to be related to the pres­
ence and construction of the borehole, problems for which correction factors can 
be applied.
In general, when an electrolytic tracer is placed in a borehole the decrease in 
its concentration is a function of all flow which occurs in the borehole, and of 
diffusion. Horizontal and vertical flow is generated within the borehole by 
hydraulic gradients. Other types of flow are generated by density currents, 
artificial mixing, and pressure and temperature variations (Halevy et al., 1967). 
When relating tracer dilution rate to aquifer pore water velocity, only the hor­
izontal component of flow due to the hydraulic gradient can be considered. This 
condition requires an elimination of all other flow components, or the derivation 
of correction factors to compensate for their influence.
Figure 7 represents an isolated section of a cylindrical borehole embedded 
within a saturated porous aquifer across which exists a significant hydraulic gra­
dient. The borehole section constitutes a measuring volume v, with vertical 
cross-sectional area A. Assuming an "instantaneous" mixing of an electrolytic 
tracer homogeneously distributed in the measuring volume, the time rate of 
change of the tracer concentration within the measuring volume is given by:
borehole
saturated
aquifer
dh_ dh__ 0 
dz ' dx
pore water flow
Vertical c r o ss-sec tio n a l area _L to flow A = ( x’) ( z ’)
/Y Y
Measuring volum e V = n  I — I z ’
Figure 7. Explanation of borehole dilution geometry.
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(19)
where:
C =  tracer concentration within borehole measuring volume,
t =  residence time of tracer in measuring volume,
k =  rate constant.
The constant k corresponds to the fraction of the total amount of tracer 
that leaves the measuring volume in one unit of time, thus:
where:
v =  borehole measuring volume,
A =  vertical cross-sectional area of measuring volume, 
Vb =  apparent water velocity within borehole section.
Substituting (20) into (19), integrating, and solving for yields:
where:
C0 =  initial tracer concentration at t =  0 .
Krolikowski (1965) has suggested th a t (21) be corrected for any background 
tracer concentration within the measuring volume:
(22)
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where:
Cb =  background tracer concentration.
In applying (22), the electrical conductance of the mixing volume fluid 
(which is proportional to the tracer concentration in the fluid) is measured as a 
function of time. These data are adjusted for background and initial tracer con­
centrations, and then plotted semilogarithmically. This should produce a 
straight line, assuming the experiment has been performed correctly. The period 
of measurement should be sufficient to show at least 50% dilution after a peak 
concentration has been recorded (Belanger, 1984). From (22) it follows tha t the 
slope of the semilogorithmic line produced from borehole-dilution data is propor­
tional to the apparent borehole water velocity V^:
VbA
m =  slope of semilogarithmic line = --------- ,
v
and therefore:
Vb =  (23)
Thus, the apparent borehole water velocity can be obtained by direct observa­
tion of the plotted data.
Because the horizontal flow-field in a porous, saturated aquifer surrounding 
a borehole is in general disturbed (due to the presence of the borehole and/or
factors associated with the construction of the borehole), a relationship must be
developed equating the measured value of borehole water velocity to the 
actual horizontal ground-water velocity within the aquifer. A first approximation 
for the relationship between the various flow terms is given by Halevy et al.,
(1967):
Vb =  cmaVa+V f+Vv+V m+V d, (24)
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where:
Va =  actual horizontal ground-w ater velocity in the aquifer,
Vf =  apparent velocity in borehole caused by density effects,
Vv =  apparent velocity in borehole caused by vertical currents,
Vm =  apparent velocity in borehole caused by artificial mixing,
Vd =  apparent velocity in borehole caused by molecular diffusion of tracer,
na =  aquifer porosity,
a: =  flow field distortion factor.
The major assumption in applying (24) is that the separate flow terms are 
independent of each other. As noted in Halevy et al., (1967), little is actually 
known concerning the interactions between the different flow terms.
The factor ex takes into account the distortion of the flow-field due to the 
presence of the borehole and to any disturbance of the porous medium due to 
drilling and construction of the borehole. In general, a  is defined as:
_ Qb
“  Qf ’
where:
Qb =  horizontal ground-w ater flux through borehole measuring volume,
Qf =  ground-w ater flux through the same cross section of aquifer.
If a borehole-dilution experiment can be controlled such th a t extraneous 
velocity components are minimized, then (24) can be rewritten as:
Vb =  naaV a. (25)
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Belanger (1984) has shown that under properly controlled experimental condi­
tions, (25) is valid.
F ac to rs  W hich Influence G ro u n d -W ate r Flow 
W ith in  th e  Borehole M easuring  Volum e
The measured value of the borehole flow velocity can be influenced by 
many factors, the most important of which are due to the hydraulic and hydro­
geologic conditions within the porous medium and within the borehole, borehole 
construction, instrument influences, and physical influences. As noted by Halevy 
et al., (1967), experimental evidence indicates th a t the effects of most factors are 
such that they increase the measured value of the apparent borehole velocity.
H ydraulic and  Hydrogeologic Effects
Naturally occuring pressure gradients due to formation stratification can 
induce vertical flow within a borehole. When a borehole transects such a forma­
tion, a "short-circuit" is created between the stratified layers, and vertical flow 
takes place within the borehole as the pressures within the different layers 
attem pt to equilibrate. The result of these vertical currents is an increase in the 
apparent borehole flow velocity due to an increase in the tracer dilution rate. 
The use of inflatable packers as a means of isolating the measuring volume 
decreases the effects of vertical currents in the borehole. The usefulness of pack­
ers decreases, however, if the aquifer directly surrounding the borehole has been 
disturbed during drilling or well construction in such a way as to allow vertical 
flow to bypass the packers, moving through the disturbed zone into the borehole 
measuring volume. Belanger (1984) has shown that except for the most pro­
nounced disturbed zones, the use of inflatable packers sufficiently reduces the
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adverse effects of vertical currents.
In s tru m e n t Effects
The influence on tracer dilution rates due to the presence of the borehole 
tool used to measure the dilution process is minimal, provided the measuring 
volume in which dilution takes place can be accurately determined, and provided 
the instrument does not overly obstruct the cross-sectional area of the measuring 
volume perpendicular to the aquifer pore water flow direction.
T ra ce r M ixing Effects
Complete mixing of the tracer slug within the measuring volume is very 
im portant, since the assumption of a homogeneous distribution of tracer within 
the measuring volume validates the borehole dilution technique. Drost et al,
(1968) have shown that if mechanical mixing is not performed within the 
measuring volume, or if the amount of mixing is insufficient to evenly distribute 
the tracer homogeneously within the measuring volume, then the exponential 
form of the dilution curve disappears. Under these circumstances the semiloga- 
rithmic plot of electrical conductivity verses time generates not one but two 
straight lines with differing slopes, and (22) is no longer valid.
Overmixing of the tracer within the measuring volume can also produce 
ambiguities in dilution rate data. Particularly energetic mechanical mixing can 
cause artificial outflow of the tracer from the borehole measuring volume, result­
ing in an artificial increase of the measured apparent borehole flow velocity V^.
Because of the upper and lower boundaries on the mixing rate of the tracer 
within the measuring volume, Drost et a l, (1968) suggest a mixing rate which is 
just high enough to produce a straight line on the semilogarithmic plot of electri­
cal conductivity verses time.
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Physical Effects
Early borehole-dilution experiments utilizing electrolytic tracers (Matveev, 
1958; Grindbaum, 1965) met with limited success, mainly because the high elec­
trolyte concentrations needed in their experiments produced density layering 
within the measuring volume, resulting in an artificial borehole flow velocity 
component which in turn increased the apparent borehole flow velocity V^. 
Recent work with electrolytic tracers by Belanger (1984), Grisak et al, (1977), 
and M erritt (1975) has shown that this problem can be avoided by using a tracer 
slug which increases the electrical conductivity of the fluid within the measuring 
volume by not more than two orders of magnitude above the background electri­
cal conductivity.
Another physical effect which is always present, regardless of other interfer­
ing effects, is tracer diffusion. Tracer diffusion is independent of tracer concen­
tration. It is an equilibrating process which causes the tracer, in the absence of 
any other velocity influence, to "spread out" in the measuring volume, in a direc­
tion which tends to equalize concentrations in all parts of the volume. Matveev 
(1958) has shown that the diffusion velocity can be estimated from the equa­
tion:
where:
D =  diffusion coefficient for the tracer, 
r t =  inner radius of borehole screen.
For most electrolytes, is approximately equal to 0.01 m /day. Halevy et al, 
(1967) note th a t diffusion effects become insignificant when the actual aquifer 
horizontal pore water velocity V is greater than approximately 0.3 m /day.2i
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Thus, the effects of tracer diffusion can be considered negligible for all but the 
smallest aquifer pore water velocities.
Temperature density effects, somewhat similar to concentration density 
effects, can occur if complete temperature equilibrium is not achieved between 
the tracer solution and the borehole fluid before the dilution experiment is 
started. The result of such a temperature gradient is usually to increase the 
dilution rate of the tracer, creating an artificial increase in (Halevy et al., 
1967).
Borehole C o n stru c tio n  Effects
The distortion effects on the horizontal flow-field within an aquifer due to 
the presence and construction of a borehole is taken into account in the correc­
tion factor a. Koch (1966) has derived an analytical solution for a  based on the 
borehole geometry and on the permeability of materials used in the borehole con­
struction. The derivation assumes a homogeneous aquifer penetrated by a verti­
cally uniform borehole which is cased with a well screen. Additionally, there is a 
gravel pack which forms a uniform annulus surrounding the borehole (Figure 8). 
Based on Figure 8, Koch’s equation for a  can be written:
8
where:
kj =  permeability of the well screen, 
k2 =  permeability of the gravel pack, 
k3 =  permeability of the aquifer, 
rj =  inside radius of the well screen,
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Figure 8. Idealized map view of borehole permeability zones, with k,, k2, k3 = 
permeability of well screen, gravel pack, and aquifer, respectively, and r1( r2, r3 
= inside radius of well screen, outside radius of well screen, and radius of 
boring, respectively.
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r2 =  outside radius of the well screen,
r3 =  radius of boring (outside radius of the gravel pack).
If a borehole is constructed in such a way tha t the disturbed zone between the 
aquifer and the borehole is minimized, then the need for a gravel pack is 
removed and Koch’s equation becomes:
4
where:
r2 =  *3,
k2 =  k3.
This form of Koch’s equation for a  was originally determined by Olgilvie (1958).
In reality, the conditions which validate the use of the theoretical equations 
for ex are seldom fulfilled. A vertically uniform borehole is rarily found, and the 
permeability of the well screen is usually unknown. The use of drilling fluids 
also influences the applicability of these equations by producing a change in the 
permeability of the aquifer near the borehole. However, under controlled labora­
tory conditions where the aquifer pore water velocity is known a priori, (25) can 
be used to empirically determine a.
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M odified Borehole D ilution Technique for M easuring  
Flow  V elocity Through Porous M edia
In applying borehole dilution theory to the problem of measuring pore 
water speed through a section of a borehole packed with a porous material of 
known hydraulic conductivity, the basic borehole dilution equations presented 
earlier were modified to account for the presence of the porous material within 
the mixing volume. Additionally, the factors which influence flow within an 
open borehole were reexamined for the case of a packed borehole.
T heory  and  M ethod
Figure 9 represents an isolated section of a cylindrical borehole embedded 
within a saturated porous aquifer across which exists a significant hydraulic gra­
dient. This situation is similar to tha t of Figure 7, however the borehole section 
is now packed with a porous material of known hydraulic conductivity K^. It is 
assumed th a t the porous material is uniformly spherical, and tha t the packing 
arrangement within the borehole section is optimal. It is further assumed that 
the porous material is chemically non-reactive with both the normal borehole 
fluid and the electrolytic tracer. Due to the presence of the porous packing 
material, the effective mixing volume is now the volume of the pore spaces 
within the borehole section:
v e =  n p v >
where:
ve =  effective mixing volume of packed borehole,
saturated
aquifer
pore water flow
H
borehole
i k2
dh_ d h _ _ n 
dz  ’ dx
packed  
borehole  
section  hy­
draulic 
conductiv­
ity = Kp
Vertical c r o ss-sec tio n a l area X  to flow A=(jc’) ( z ’) 
Measuring volum e v--
Figure 9. Explanation of modified borehole dilution geometry.
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v =  volume of unpacked borehole section,
np =  effective porosity of borehole packing material.
Assuming an "instantaneous" mixing of an electrolytic tracer homogeneously 
distributed within the packed borehole section, then the general form of the 
point dilution equations hold, and the apparent velocity of the pore fluid within 
the packed borehole section becomes:
r C -C b
V * - -  > c 0- c b (26)
where:
Vbp =  apparent velocity of pore fluid within the packed borehole section.
Application of (26) is similar to the normal borehole dilution technique, 
with the electrical conductance of the packed borehole pore fluid being measured 
as a function of time. By plotting the natural logarithm of the corrected electri­
cal conductivity verses time, a linear relationship is produced which allows for 
the direct calculation of V,bp-
m' vp
V bP =  (27)
where:
m' =  slope of the semilogarithmic line.
As in normal borehole dilution theory, the measured value of the packed 
borehole pore water speed is a function of the borehole construction, and all 
components of flow within the borehole. Analogous to (24), this relationship can 
be approximated as:
V bp “  a ~ V a+(V f+V v+ V m+ V d), (28)
n P
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where:
Va =  actual horizontal ground—water velocity in the aquifer,
Vf =  apparent velocity in packed borehole caused by tracer density effects, 
Vv =  apparent velocity in packed borehole caused by vertical currents,
Vm =  apparent velocity in packed borehole caused by artificial mixing,
Vd =  apparent velocity in packed borehole caused by tracer diffusion, 
na =  effective aquifer porosity, 
a  =  flow field distortion factor.
Whereas the aim of normal borehole dilution theory is to determine the 
aquifer pore water speed V from the value measured in an open borehole, thea
aim of the modified borehole dilution technique is to determine an accurate value 
for the pore water speed through the porous packing material within the 
borehole. Ideally, it is desired that all components of flow within the packed 
borehole which are not related to the actual aquifer pore water speed V be2L
negligible. This requires an understanding of the factors which influence pore 
water flow within the packed borehole measuring volume, so tha t these factors 
can be eliminated or compensated for.
F ac to rs  W hich Influence P o re  W a te r Flow W ith in  
P ack ed  Borehole M easuring  Volum e
In general, the factors which influence the measured value of the apparent 
pore water speed within the packed borehole measuring volume vg are simi­
lar to those which influence the borehole water speed within an open borehole 
measuring volume v. These are factors due to hydraulic and hydrogeologic con­
ditions within the porous medium surrounding and within the packed borehole, 
borehole construction influences, instrument influences, and physical influences.
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The major difference between the modified borehole dilution theory and the nor­
mal borehole dilution theory is the magnitude of the influence of these various
factors on V, .bp
H ydraulic an d  Hydrogeologic Effects
The influence of hydraulic and hydrogeologic factors on the measured value 
of the packed borehole pore water speed are similar to their influence on the 
measured value of the open borehole water speed V^. For a borehole completed 
within a stratified aquifer, naturally occuring pressure gradients may generate 
vertical currents within the borehole. As in the open borehole case, the use of 
inflatable packers as a means of isolating the packed borehole measuring volume 
vg should sufficiently reduce the effects of artificial tracer dilution caused by vert­
ical borehole currents for most situations.
In s tru m en t Effects
As in normal borehole dilution applications, the influence on the packed 
borehole pore water speed due to the presence of the borehole tool is
minimal, provided the measuring volume vg can be accurately determined, and 
provided the instrument does not obstruct the measuring volume vertical cross- 
sectional area perpendicular to the aquifer pore water flow direction.
T ra ce r M ixing Effects an d  Physical Effects
Analogous to normal borehole dilution applications, the modified borehole 
dilution method requires an instantaneous, homogeneous distribution of the 
tracer within the packed borehole measuring volume v . However, achieving this 
tracer distribution within the packed measuring volume is very difficult, because 
in situ mechanical mixing within the packed borehole section is impossible. Thus, 
if an electrolytic tracer introduced into the packed borehole section is not 
efficiently mixed with the background pore fluid and distributed throughout the
46
measuring volume, then there is a strong likelihood tha t an unwanted borehole 
velocity component due to artificial mixing (V ) will be generated. This is 
likely due to the nature of the movement of the tracer, which may migrate from 
the packed borehole as a high concentration mass rather than being continuously 
diluted by aquifer pore water moving through the packed borehole section.
Another unwanted borehole velocity component which may result from 
insufficient mixing and distribution of the tracer within the packed borehole sec­
tion is artificial outflow of the tracer due to density differences (Vj.) between the 
high concentration tracer cloud and the surrounding background pore water 
fluid.
As in normal borehole dilution theory, physical effects caused by tracer 
diffusion within the measuring volume are minimal for aquifer pore water speeds 
greater than  approximately 0.3 m /day. Similarly, physical effects caused by tem­
perature gradients resulting from temperature differences between the tracer and 
the background borehole pore water are minimal for small differences in tracer- 
background fluid temperature.
Because of the significant influence the velocity components V m and Vj. 
have on the measured value of the packed borehole pore water speed , a 
method for efficiently mixing and distributing the tracer within the packed 
borehole measuring volume is critical to the validity of the modified borehole 
dilution technique.
Borehole C o n stru c tio n  Effects
The distortion effects on the aquifer horizontal flow-field due to the presence 
and construction of the packed borehole will be similar to the effects on this 
flow-field due to the presence of an unpacked borehole, however these effects may
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appear more pronounced. Analogous to the open borehole case, under controlled 
laboratory conditions (28) can be used to empirically determine a.
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D iscussion o f E xperim ental M ethods and R esults
For the purpose of discussion, experiments performed in this study can be 
divided into four general groups: 1) experiments to determine the hydraulic con­
ductivity of the borehole packing material, 2) experiments defining the perfor­
mance of the fiowchamber, 3) experiments investigating the modified thermal 
flowmeter technique, and 4) experiments investigating the modified borehole dilu­
tion technique.
D eterm ination  o f Borehole Packing  M ateria l H ydraulic  C onductiv ity
Technical quality, uniform diameter, soda-lime silica glass spheres were 
chosen to be used as the borehole porous packing material. This choice was 
based on the availability of a wide range of glass bead diameters, the inert chem­
ical nature of the beads, and a knowledge of the thermal properties of the beads. 
The glass beads utilized in this study were manufactured by Potters Industries, 
Inc., and were divided into ten separate batches ranging from a maximum aver­
age diameter of 2.8-2.0 mm to a  minimum average diameter of 0.15-0.106 mm.
The saturated hydraulic conductivity K of each bead batch was determined
P
using two methods: estimation methods and laboratory methods. The Kp-value 
determined through estimation methods was calculated using the Fair-Hatch 
equation, which can be written:
pg n3 1
\ / l(l-n)2 , e ‘2 r < io o s d j  j
(29)
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where:
n =  average porosity of glass bead batch, 
m =  packing factor, approximately 5.0,
9 =  shape factor, approximately 6.0 for spherical beads,
P =  %  beads held between adjacent sieves,
dm =  geometric mean of the rated sizes of adjacent sieves,
p =  fluid density — 1000
m3
Icefx =  fluid viscosity =  0.01 — — ,
m—s
g — acceleration of gravity =  9.8 -2-.
s2
In applying (29), a sieve analysis was performed on individual bead batches. 
Based on these sieve analyses, the summation:
was determined, with:
=  V ( < W i+ i )  ,
where:
di+1 =  sieve holding P, 
dj =  next larger sieve.
Thus, for porosities n=38.4%  and n=40.0% , estimated values of K were calcu­
lated.
Iv -values were determined through laboratory methods using a constant- 
P
head permeameter. The operating principle of a constant-head permeameter is 
based on Darcy’s Law. When performing a constant-head permeameter experi­
ment, a sample of the porous material in question is placed in a cylinder of
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length L and cross-sectional area A. The cylinder ends are capped with porous 
filters which contain the sample but allow water to pass. A head differential Ah 
is then set up across the sample. By measuring the steady volumetric discharge 
Q through the system, the hydraulic conductivity of the sample can be calcu­
lated using:
K = x i r -  <30>
The constant-head permeameter used in determining the glass bead 
saturated hydraulic conductivities is shown in Figure 10. Constant water supply 
to the input head chamber was provided via gravity feed from a holding tank, 
with the supply rate regulated by a hand valve. Deaired water was used to 
avoid entrapping air within the sample cylinder. Head measurements were made 
using micrometers mounted above the head chambers. Discharge measurements 
were made using a graduated cylinder and a stop watch. Experimental pro­
cedure consisted of setting up a head differential across a saturated sample of a 
particular glass bead batch, and then making a minimum of three discharge 
measurements. The average value of these measurements was used to calculate a 
saturated hydraulic conductivity K^, based on (30). The head differential was 
then changed, and the process repeated. A minimum of three K^-values were 
calculated for each bead batch, and the average value of these was taken as the 
saturated hydraulic conductivity of th a t particular bead batch.
Darcy’s Law requires flow through the porous sample to be laminar. This 
condition was tested for each bead batch using the Reynolds number equation 
for flow through a porous medium:
R . =  (31)
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Figure 10. Diagram of the constant-head permeameter used to determine glass 
bead saturated hydraulic conductivity.
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where:
q =  specific discharge through sample, 
d =  mean bead diameter.
In applying (31), a Reynolds number Rg =  1 was chosen as a maximum allow­
able value, and (31) was solved for q. This value for specific discharge was then 
compared to the experimentally determined specific discharge for a particular 
bead batch. If the experimental value for q was larger than the theoretical value 
for tha t bead batch, then the constant-head permeameter technique could not be 
used. Fortunately, only the largest diameter bead batch (2.8-2.0 mm) exhibited 
non-laminar flow.
Estimated and experimentally determined glass bead saturated hydraulic 
conductivity values are summarized in Table 1. As Table 1 illustrates, there is 
approximately 1 order of magnitude difference between the estimated and experi­
mentally determined values. This difference is likely due to the approximation 
of various parameters in the theoretical calculations. Thus, experimentally 
derived values of the glass bead saturated hydraulic conductivities were used in 
all subsequent experiments. Table 1 also includes the parameter K , which 
represents the ratio of the experimental glass bead saturated hydraulic conduc­
tivity to the flowchamber porous medium saturated hydraulic conductivity K .£L
F low cham ber C o n stru c tio n  a n d  C h arac teris tics
The aquifer-simulating flowchamber utilized in this study was designed to 
exhibit uniform flow throughout its vertical cross-section. Figure 11 is an ideal­
ized drawing of the flowchamber, and Figure 12 presents construction details of 
the flowchamber. The dimensions of the flowchamber are 1.2 m by 1.2 m 
(cross-sectional area perpendicular to flow direction) by 2 m (length of flow 
path). Plexiglass (3/8 in) is used to contain the flowchamber porous medium,
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TABLE 1. THEORETICAL AND EXPERIMENTAL GLASS BEAD 
HYDRAULIC CONDUCTIVITY VALUES
Bead Batch Size (mm) Theoretical (m/s) Experimental (m/s) Kr
2.8-2.0 *5.69 x 10'3 non-laminar flow n/a
2.0-1.4 *2.77 x 10‘" 2.61 x 10’2 8.94
1.4-1.0 *2.32 x 10'3 1.72 x 10‘2 5.89
1.18-0.85 **7.69 x 10'4 7.12 x 10‘3 2.44
0.85-0.60 **4.37 x 10"4 3.93 x 10'3 1.34
0.71-0.50 **2.85 x 10‘4 2.31 x 10"3 0.79
0.61-0.425 **2.00 x 10"4 1.79 x 10'3 0.61
1.08 x 10'40.25-0.180 **3.43 x 10’5 3.16 x 10’4
0.18-0.125 **1.81 x 10"3 1.68 x 10'4 5.75 x 10’2
0.15-0.106 **1.29 x 10'5 9.59 x 10"5 3.28 x 10'2
*-based on n =  41.0% **-based on n =  38.4%. Kp =  Kp(eXp j/K.
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Figure 11. Idealized diagram of the aquifer-simulating flow chamber.
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Figure 12. Engineering diagrams for the aquifer-simulating flowchamber 
(modified after W heatcraft et ul., 1986).
56
which is #16 sieve silica sand (1.19 mm geometric mean size). This is braced 
with 2"x4" and 2"x6" dimensional lumber and angle iron, and is overlain by a 
thick plyboard cover which acts as a confining layer. W ater chambers are con­
structed a t opposite ends of the flowchamber, and act as constant-head reser­
voirs. The height of these reservoirs can be adjusted with a precision of 0.01 cm. 
Six, fully penetrating, 2 inch diameter (5.08 cm) screened wells are emplaced 
within the flowchamber in two rows of three, evenly spaced parallel to the direc­
tion of flow. Well screen slot openings are 0.05 cm., arranged in five vertical rows 
(Wheatcraft et al., 1986). Figure 13 is a plan view of the flowchamber well lay­
out.
During construction of the flowchamber, care was taken to avoid 
stratification within the porous medium, hence the flowchamber closely models a 
confined, homogeneous and isotropic aquifer. Hydraulic conductivity of the 
flowchamber medium was determined using Darcy’s Law, written in the form:
K * - : s r  (32)
where:
Q =  volumetric discharge through the flowchamber,
A =  vertical cross-sectional area of flowchamber,
Al =  length of fiowpath,
Ah =  hydraulic head across flowchamber (difference in reservoir heights).
All of the parameters in (32) can be accurately measured. Based on (32), the 
flowchamber hydraulic conductivity K was calculated to be approximately 252 
m /day.
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flow direction
downgradient head reservoir upgradient head reservoir
Figure 13. Plan view of aquifer-simulating flowchamber well locations.
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Of primary importance in this study is an accurate knowledge of the 
flowchamber pore water velocity. This parameter can also be calculated using 
Darcy’s Law, here written as:
KaAh
v* = ^ aT  <33>
where:
Va =  flowchamber pore water velocity,
na =  effective porosity of the flowchamber porous medium.
The accuracy of (33) depends on an accurate measurement of n . This parameter2L
was determined through a conductive tracer experiment. In this experiment, an 
electrically conductive tracer (NaCl) was introduced into the upgradient head 
reservoir at time t= 0 . Breakthrough curves of this tracer were then recorded at 
each well along the flow path. Based on the time-distance relationship for the 
peak arrival of the tracer front at each well, an average effective porosity for the 
flowchamber was determined. Figure 14 shows the breakthrough curves meas­
ured at each well as a function of time. Table 2 summarizes the conductive 
tracer experiment results. Based on these results, the flowchamber effective 
porosity was calculated to be 43.6%.
M odified T h erm al F low m eter E xperim en ts
The purpose of the experiments using the modified K-V Associates thermal 
flowmeter was to determine the ability of the instrument to directly measure the 
advective speed of a heat pulse generated within a borehole packed with a 
porous medium. If it is assumed that the heat pulse speed approximates the 
speed of a conservative tracer, then this value is approximately equal to , 
and theoretically can be used to determine K in (10).
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Figure 14. Tracer breakthrough curves used to calculate flowchamber 
media porosity.
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TABLE 2. CONDUCTIVE TRACER EXPERIMENT RESULTS
Flow Path Dist.(m) Tracer Arrival(min) Tracer Vel.(VJ Porosity(nc,%)
W ell# l to W ell#2 0.592 80.85 10.62 42.89
W ell#2 to W ell#3 0.594 79.25 10.80 42.18
W ell# l to W ell#3 1.191 160.10 10.73 42.45
W ell#4 to W ell#5 0.592 84.50 10.09 45.15
W ell#5 to W ell#6 0.590 82.40 10.31 44.18
W ell#4 to W ell#6 1.181 166.90 10.18 44.75
n =43.6% *E
* Using:
and:
where:
Qnc =
AV.
7 i^ ci
na =  100,
m3
Q =  5.07
day
A =  1.113 m2,
Vt =  bulk tracer front velocity, 
Ah =  0.0361 m,
Al =  2.003 m.
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The modified thermal flowmeter experiments utilized the small calibration 
flowchamber provided by K-V Associates. A section of 5.08 cm. diameter well 
screen (identical to that used in the large aquifer-simulating flowchamber) was 
placed within the calibration flowchamber, and #16 sieve silica sand was packed 
around it. This porous medium was then saturated, and a constant-flow meter­
ing pump was used to establish a known pore water velocity through the
-3chamber. A mesh endcap filled with uniform glass beads (K =3.93  x 10’ m/s)
P
was attached to the downhole probe, and then inserted into the well. The experi­
mental configuration is shown in Figure 15.
Modifications to the flowmeter circuitry were made so th a t the down gra­
dient thermistor could be continuously monitored. This was accomplished by 
placing a resistor in series w ith the down gradient thermistor, and providing this 
circuit with a constant voltage. One channel of a two channel analog recorder 
was used to monitor the voltage across the resistor as a function of time (Figure 
16). This voltage is given by:
VjRi
V =v o
(Ri+R*) ’
where:
VQ =  output voltage,
Vj =  input voltage,
Rj =  resistance of fixed resistor,
R 2 =  thermistor resistance.
Thus, as a heat pulse front is sensed by the down gradient thermistor, R0 
decreases, producing a proportional increase in Vo which is recorded as a break­
through curve on the analog recorder. The second channel on the recorder was
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Figure 15. Thermal flowmeter experimental configuration.
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R2 = down gradient thermistor 2252 Q, @ 25°C
V, 3.0 volts
2-channel chart 
recorder
Ft, = 390k a  Vc
Figure 16. Flowmeter circuit for monitoring heat pulse breakthrough curve at 
down gradient thermistor.
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used to monitor the current supplied to the heat probe tip, allowing the starting 
time of an experiment to be recorded.
The question as to whether the advective pore water velocity could be deter­
mined using the proposed technique was answered by recording heat transport 
breakthrough curves at the down gradient thermistor, using different but known 
pore water velocities. If the advective portion of the heat transport velocity was 
sufficiently large, then its arrival at the down gradient thermistor would appear 
as a separate peak, distiguishable from the conductive heat transport peak 
arrival. Additionally, the peak representing the advective component of the tran­
sported heat pulse would occur at earlier times for higher pore water velocities, 
while the conductive heat transport peak arrival would remain relatively con­
stant. Hence, by knowing the horizontal distance between the heating probe tip 
and the down gradient thermistor, the advective speed of the heat pulse within 
the porous packing material could be calculated. If it is assumed that the advec­
tive heat pulse speed approximates the advective speed of a conservative tracer, 
then this method could be used to  determine Ka in (10).
Figure 17 gives the results of three experiments using the modified K-V 
Associates thermal flowmeter. The time at which the advective component of 
the heat pulse should have arrived at the down gradient thermistor, calculated 
from a priori knowledge of the pore water speed and heat pulse travel distance, 
is indicated for each experiment. As this figure illustrates, the arrival of the 
advective component of the transported heat cannot be differentiated from the 
conduction dominated heat transport breakthrough curves. In effect, conduction 
of heat through the porous material surrounding the downhole probe is a much 
more efficient heat transport mechanism than advection by pore water.
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Figure 17. Results of thermal flowmeter experiments showing conductive 
heat breakthrough curves at varied flow velocities, with predicted advec­
tive heat pulse arrival times indicated.
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N orm al an d  M odified Borehole D ilu tion E xperim ents
Experiments utilizing the modified borehole dilution technique were con­
ducted in an attem pt to directly measure the horizontal pore water speed 
through a borehole with a porous material of known hydraulic conductivity. 
These experiments were conducted in the aquifer-simulating flowchamber, using 
a laboratory apparatus designed and constructed for this purpose. In general, the 
method of investigation was two-fold. First, the laboratory apparatus was 
configured as a normal borehole-dilution device, and experiments were carried 
out to determine if the apparatus could produce results in agreement with 
borehole dilution theory. The main reason for conducting these experiments was 
to verify that the laboratory apparatus could produce accurate and repeatable 
dilution data. Having achieved this objective, the apparatus was reconfigured, 
and experiments were performed in an attem pt to produce results which were in 
agreement with the in situ hydraulic conductivity theory. Initial reconfiguration 
of the laboratory apparatus consisted mainly of introducing a porous material 
into the borehole measuring volume. Further modifications to the apparatus 
were applied as experimentation proceeded. Basically, the modified borehole 
dilution experiments consisted of measuring a value for as a function of K r, 
while holding the flowchamber pore water velocity Va constant. From (11) it 
follows tha t these data  should produce a curve which asymtotically approaches a 
value of 2, as in Figure 2.
N orm al Borehole D ilution E xperim en ts
Figure 18 is a diagram of the laboratory apparatus, configured for the nor­
mal borehole-dilution experiments. The system operates by constant monitoring 
of the dilution of an electrolytic (NaCl) tracer introduced into the circulation 
path at the onset of an experiment. A peristaltic pump serves to circulate the 
mixing volume at a constant rate, while an in-line electrical conductivity cell
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Figure 18. Diagram of laboratory apparatus, configured for normal borehole 
dilution experiments.
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senses the change in electrical conductivity of the circulating fluid. This signal is 
then amplified and recorded as voltage on an analog recorder.
In general, the relationship between electrical conductivity and voltage is 
nonlinear. Because of this, a system calibration experiment was performed, 
where the system voltage output was plotted against independent electrical con­
ductivity measurements for a given electrolytic solution. Results of this calibra­
tion experiment are given in Figure 19, and indicate th a t within the range of 
electrical conductivities expected to be encountered in this study, electrical con­
ductivity verses system voltage are in fact linear. Based on Figure 19, the rela­
tionship between fluid electrical conductivity and system voltage is:
Electrical Conductivity(//mhos/cm) =  (266.087)(Millivolt Response). (34)
In conducting a borehole-dilution experiment, the flowchamber constant- 
head reservoirs were first adjusted, and the flowchamber pore water velocity was 
determined. Flowchamber pore water velocity was considered stable when there 
was less than a 1% change in the reservoir head difference over a 24 hour period. 
Next, an electrolytic tracer slug was loaded into the apparatus tracer line. With 
the downhole tool inserted in a flowchamber well, the system was energized, and 
borehole fluid was then circulated through the system for a period of time
sufficient to purge the apparatus of any entrapped air, and to determine the
background electrical response. When this was accomplished, a dilution experi­
ment was initiated by diverting circulating borehole fluid through the apparatus 
tracer line. The dilution experiment was allowed to continue until the system 
output was within approximately 10% of the background value.
Six borehole-dilution experiments were performed, each at a unique 
flowchamber pore water velocity which varied from a no-flow condition (0.0 
m /day) to a maximum of 6.14 m /day. Figure 20 is an example plot of the ana­
log output resulting from a borehole dilution experiment. For this particular
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Figure 20. Example plot of the analog output resulting from a borehole 
dilution experiment.
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dilution experiment, the flowchamber pore water velocity was 1.96 m /day, and 
the initial peak system response was approximately 4 times larger than the back­
ground response. The oscillations in the first 3 minutes of record were charac­
teristic of all the dilution experiments performed, and are the result of initial 
mixing of the tracer slug with background borehole mixing volume fluid. 
Although the initial condition of an "instantaneous" mixing of the tracer in the 
borehole volume (which validates (22)) is not strictly met, if the time of mixing 
is small compared to the total time of dilution, then (22) can be considered 
valid.
Analysis of dilution experiment data was accomplished as follows. Analog 
output was manually converted to digital form, corrected for background electri­
cal conductivity, and plotted semilogarithmically. Figure 21 is a graph of these 
plots for the varied flowchamber pore water velocities. Based on Figure 21, the 
slope of the line representing each dilution experiment was determined, and using
(23), a value for the apparent borehole water velocity V was calculated. These
P
results are presented in Table 3.
A value for the flow-field distortion factor a  was empirically determined 
using (25). By plotting the known flowchamber pore water velocity Va against
the corresponding apparent borehole water velocity V^, a linear relationship is 
produced such that:
s =  slope =  n acr,
and therefore:
a  — S
n a
This empirical curve is shown in Figure 22. The non-zero intercept value D
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Figure 21. Semilogarithmic plot of background-corrected electrical con­
ductivity verses time for the borehole dilution experiments, measured at 
varied flowchamber pore water velocities.
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TABLE 3. BOREHOLE DILUTION EXPERIMENT RESULTS
Va, (m/day) m, (1/min.) V b, (m/day) Vac, (m/day)
0.00 -0.026 0.85 -0.48
0.50 -0.034 1.09 0.66
0.98 -0.041 1.31 1.69
1.96 -0.043 1.39 2.07
4.13 -0.050 1.62 3.11
6.14 -0.074 2.38 6.67
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Figure 22. Empirical curve used to calculate the flow-field distortion fac­
tor a  for the borehole dilution experiments.
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can be explained with reference to (24). In performing these experiments, special 
care was taken to eliminate any borehole water velocity component due to verti­
cal currents in the borehole, or due to density effects caused by a high tracer con­
centration relative to background concentration. Hence, D most likely represents 
artificial borehole velocity components due to molecular diffusion and/or 
artificial mixing of the tracer. Artificial mixing of the tracer with the back­
ground borehole fluid could have been caused by a lack of mechanical mixing 
within the borehole measuring volume. This lack of mechanical mixing would 
cause artificial outflow of the tracer from the borehole measuring volume, in turn 
producing an artificially high apparent borehole water velocity V^. Thus, by 
subtracting the constant D from the value of the apparent borehole water velo­
city and then applying (25), calculated values of the flowchamber pore water 
velocity V were determined. These values are also listed in Table 3.
cLC
Although the amount of experimental data prevents a rigorous statistical 
analysis of the error involved in determining V , several inferences can be made.
£LC
Consider Figure 23, which is a direct comparison of the known flowchamber pore
water velocities V verses the calculated flowchamber pore water velocities V .a ^ ac
The dashed line has a slope of one, and therefore represents the line on which 
experimental data would fall had the experiments been error free. From observa­
tion of Figure 23 it is apparent th a t no significant variation from this straight 
line exists, and hence the results produced by this experimental technique can be 
considered accurate.
M odified Borehole D ilu tion E xperim en ts
Initial experiments investigating the in situ saturated hydraulic conductivity 
theory utilized the laboratory apparatus configured as in Figure 18, with the 
downhole tool mixing volume packed with glass beads (Figure 24). Borehole
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Figure 23. Expected verses calculated flowchamber velocity, based on 
borehole dilution experiment results. Note small deviation of experimen­
tal data from the ideal.
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Figure 24. Diagram of downhole tool used in hydraulic conductivity 
experiments.
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pore fluid was circulated through the system for a period of time sufficient to 
purge the system of any entrapped air, and to determine the background electri­
cal response. When this was accomplished, an experiment was initiated by 
diverting circulating borehole pore fluid through the apparatus tracer line.
The first set of experiments using glass beads in the downhole tool were
conducted simply to observe the operational characteristics of the laboratory
apparatus. Three identical experiments were performed, using glass beads of
-3hydraulic conductivity Iv = 3 .93  x 10 m /s (K =1.34). For these experiments,
P ^
the flowchamber pore water velocity was set at 8.63 m /day. Figure 25 is an 
example of the analog record for one of the experiments. The extreme oscilla­
tions throughout the record are characteristic of all three experiments. These 
oscillations are the result of insufficient mixing between the tracer slug and the 
packed borehole pore fluid. This insufficient mixing results in an inhomogeneous 
distribution of the tracer slug within the packed borehole volume, causing the 
tracer to be cycled through the system as a periodically diluted pulse rather than 
as a continuously diluted fluid. Hence, a method was required for homogene­
ously mixing and distributing the tracer slug within the packed borehole.
A key requirement in application of the modified borehole dilution technique 
is th a t the borehole porous packing material remain undisturbed during the dilu­
tion experiment. Thus, mixing of the tracer slug with borehole pore fluid has to 
take place external to the downhole borehole mixing volume. In this regard, an 
in-line mixing chamber was added to the laboratory apparatus. The mixing 
chamber consists of an Erlenmeyer flask and a magnetic stirring device, and is 
located in the apparatus flow circuit such tha t upon initiation of a dilution 
experiment, the tracer slug is cycled through the packed borehole volume once 
(allowing for an initial dilution), and then mixed with borehole pore fluid within
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Figure 25. Example analog record from first experiments utilizing glass 
beads as a borehole packing material. Note extreme oscillations 
throughout the record.
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the mixing chamber before being sensed by the electrical conductivity cell. A 
diagram of the laboratory apparatus, showing the location of the mixing 
chamber, is given in Figure 26.
A series of experiments were performed to determine the ideal mixing 
chamber volume, defined as the smallest volume which sufficiently removed the 
oscillations in the analog output. In performing these experiments, flowchamber 
pore water velocity, tracer slug electrical conductivity, and glass bead hydraulic 
conductivity were held constant, while the mixing chamber volume was varied. 
The rate at which fluid is delivered to the packed borehole volume (a function of 
the peristalic pump rate) was set at the lowest possible value, to preclude the 
possibility of artificial outflow of the tracer slug from the borehole mixing 
volume. System parameter calculations give this value, termed the system time- 
constant t c, as approximately 7.4 ml/s. (Table 4). Flowchamber pore water 
velocity was set at 7.62 m /day, and glass bead hydraulic conductivity was 
K p=3.93xl0"3 m /s (K ,=1.34).
Volumes used in the mixing chamber experiments were 50 ml, 150 ml, 250 
ml, and 350 ml. These volumes were chosen such that the total system volume 
without a mixing chamber (Vfc= 2 3 0  ml) was bracketed. This choice was based 
on the assumption that the smallest mixing volume which sufficiently removes 
the oscillations in the analog records will approximate the system volume V^. 
Figure 27 is a plot of the mixing chamber experimental results. As anticipated, 
oscillations in the analog output decrease with increasing mixing chamber 
volume. Additionally, the mixing chamber volume which most closely approxi­
mates provides the most non-oscillatory output. Knowledge of the system 
time-constant t fi allows the calculation of a value for the time in which one sys­
tem volume is cycled past the electrical conductivity cell (and therefore through 
the system), for each mixing chamber volume. These times demonstrate that the
81
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Figure 26. Diagram of laboratory apparatus, showing location of mixing 
chamber.
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TABLE 4. SYSTEM PARAMETERS
System Volume X-Sect. Borehole Mixing Total System Cycle Time* t
(no chamber) Area Volume Volume (Vfc)
163 cm3
0
45 cm 67 cm3 230 cm3 31 s 7.4 ml/s
*-time required to cycle one total system volume (VJ through system at lowest pump rate.
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Figure 27. Results of mixing chamber experiments. Decrease in oscilla­
tions as mixing chamber volume increases is clearly illustrated.
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period of oscillation for each mixing chamber is approximately equal to the time 
to cycle one system volume, which would be expected for an inhomogeneous mix­
ing of the tracer slug with the borehole pore fluid. Based on the results of these 
experiments, a mixing chamber volume of 250 ml was chosen to be used in sub­
sequent experiments.
As shown in Figure 27, the analog output using a mixing chamber volume 
of 250 ml exhibits an initial period of inhomogeneous mixing, represented by the 
small oscillation in the first few minutes of the experiment. Because application 
of the modified borehole dilution theory requires only the slope of the semiloga- 
rithmic plot of the dilution experiment data, data representing initial inhomo­
geneous mixing between the tracer slug and the borehole pore fluid can be 
ignored. In order to determine what portion of the dilution data represents 
inhomogeneous tracer-borehole pore fluid mixing, an experiment was performed 
in which the elapsed time between the initiation of a dilution experiment and 
homogeneous mixing of the tracer slug with borehole pore fluid was measured. 
Knowledge of this value, termed the system mixing constant mc, allows for raw 
dilution data to be corrected for inhomogeneous mixing, prior to determining m' 
in (27). In performing the mixing-constant experiment, an Erlenmeyer flask was 
subsituted for the downhole mixing volume. The flask was chosen such that 
when filled with glass beads, its volume approximated the packed mixing volume 
in the downhole tool. By using this flask in place of the downhole tool, the 
sink-effect (which allows for the dilution of the tracer under normal experimental 
conditions) is removed, and the laboratory apparatus becomes a closed system.
W ith the laboratory apparatus configured for a mixing-constant experiment, 
the system can be modeled as a two-compartment, lumped-parameter model 
(Bellman, 1983), where the mixing chamber represents one compartment, and the 
remaining apparatus volume (consisting of the volume contained within the glass
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bead-packed Erlenmeyer flask and the volume contain within the tubing through 
which fluid is cycled) represents another compartment (Figure 28). Initially, 
both compartments are devoid of tracer. Upon initiation of a mixing experi­
ment, a tracer pulse is introduced into compartment 1. If it is assumed that the 
tracer pulse is "instantaneously" mixed with the fluid in compartment 1, then 
the concentration of the tracer in this compartment will decrease as mixing 
between compartment 1 and compartment 2 proceeds. Eventually the system 
will reach equilibrium, with the concentration of tracer equal in both compart­
ments. The amount of time required for this system equilibrium to be achieved 
is the mixing-constant mc> The two-compartment system modeled in Figure 28 
can be described by the system of differential equations:
dC ,(t)
dt
dC2(t)
dt
=  —k 1C1-fk2C2 (35)
=  k2C2-f-k1C1, (36)
Where:
kj =  rate constant between compartment 1 and 2 = -^ - ,
V ,
k2 =  rate constant between compartment 2 and 1 = ^~>
=  concentration of tracer in 1 at time t,
C2 =  concentration of tracer in 2 at time t,
Vj =  volume of compartment 1,
V2 =  volume of compartment 2,
Q =  volumetric pump cycle rate.
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Figure 28. Two-compartment model used to determine theoretical time at 
which homogeneous distribution of tracer slug is accomplished.
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Adding (35) and (36) gives:
dC, dC2
— r ~ — I r ~
which implies:
Ci+Ca =  constant. (37)
Since both the system and the tracer are conservative, (37) can be restated as:
where:
Cjj =  concentration of compartment 1 at t=0,
C2j =  concentration of compartment 2 at t=0.
The initial conditions for the system are:
Cij =  C0 at t =  0,
C2j = 0  at t =  0,
C0 =  initial tracer concentration in compartment 1, 
and therefore (38) becomes:
Solving (39) for C9 and subsituting this into (35), the time-dependent concentra­
tion in compartment 1 can be determined:
Cx+C2 =  Cu+C2i, (38)
where:
(39)
(40)
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Similarly, the concentration in compartment 2 is:
(41)
The time at which homogeneous distribution of the tracer between compart­
ments 1 and 2 is achieved (m^) can be found by equating (40) and (41), and solv­
ing for t:
t =  m,C (kj+ko)
(42)
For the mixing-constant experiment, values from Table 4 give: 
k t =  3.22xl0-2 sec-1, 
k2 =  2.96xl0-2 sec-1,
and from (42):
t =  54 seconds.
Figure 29 is a plot of the mixing-constant experimental results. As Figure 
29 indicates, the time of apparent homogeneous mixing between the tracer slug 
and the circulating fluid is approximately 2.5 minutes, over twice as much time 
as the model predicts. This difference is likely due to the assumptions validating 
the model, specifically the condition of instantaneous mixing of the tracer slug 
with the fluid in compartment 1. Based on Figure 29, a conservative value for 
mc of three minutes was chosen. Hence, by removing the first three minutes of 
record from the raw dilution data prior to analysis, the modified borehole dilu­
tion technique remains valid.
Following the mixing chamber and mixing-constant experiments, a series of 
experiments were conducted to determine the repeatability of data obtained
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Figure 29. Results of system mixing time-constant experiment. Model- 
predicted time of homogeneous mixing is indicated. Experimentally- 
predicted time of homogeneous mixing is approximately 2 minutes.
during a dilution experiment. Three experiments were performed at two 
different flowchamber pore water velocities (3.72m/day and 7.62 m /day), while 
holding all other test parameters constant. Between each experiment, the 
downhole tool was removed from the flowchamber well, and the glass beads were 
removed, dried, and repacked. Care was taken to repack the glass beads in a 
systematic way, and to reposition the downhole tool within the flowchamber well 
as consistently as possible. Figure 30 gives the results of the repeatability experi­
ments. As Figure 30 indicates, variations in the results for experiments per­
formed at the same flowchamber pore water velocity appear minimal, while the 
difference between experiments performed at different flowchamber pore water 
velocities is significant. The slight variations between individual experiments at 
a constant flowchamber pore water velocity are likely due to the small variabil­
ity in glass bead packing arrangement and downhole tool repositioning between 
experiments, while the difference between experiments performed a t different 
flowchamber pore water velocities is due almost entirely to the change in the 
packed borehole pore water velocity. Thus, the ability of the laboratory 
apparatus to produce repeatable results, and to detect and record changes in the 
borehole pore water speed was demonstrated.
Figure 31 is a semilogarithmic plot of the laboratory apparatus theoretical 
response, generated by varying the parameter Kr. Figure 31 follows from (11), 
(26), and (27), which can be combined to give:
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Figure 30. Results of repeatability experiments. Laboratory apparatus 
sensitivity to varied flowchamber pore water velocity is clearly illustrat­
ed.
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Figure 31. Theoretical output of laboratory apparatus for flowchamber 
pore water velocity =  3.72 m /day.
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By setting the flowchamber pore water velocity V constant and varying Ka r
Figure 31 is produced. This figure graphically demonstrates the proportionality 
between and Ivr , which is the basis of the modified borehole dilution tech­
nique. As presented in (10), two values for measured at different values of
K allow for the calculation of the aquifer saturated hydraulic conductivity K . r Ei
Thus, Figure 31 can be used to analyze the ability of the laboratory apparatus 
to measure as a function of Kf . In this regard, a series of dilution experi­
ments were performed in an attem pt to duplicate Figure 31. For these experi­
ments, the flowchamber pore water velocity was held constant at 3.72 m /day, 
and the parameter K was varied from 0.61 to 8.94 (as given in Table 1). Spe­
cial care was taken to insure uniformity in experimental procedures, thus holding 
systematic error to a minimum.
Figure 32 presents the results of the varied-Kr experiments. As this figure 
illustrates, the proportionality between and Kr displayed by the theoretical 
model (Figure 31) does not appear in the experimental data. This condition can 
be seen more clearly in Figure 33, which displays the theoretical response and the 
experimental response at the same scale, and Figure 34, which is a comparison of 
the theoretical verses experimental semilogarithmic slopes (determined from Fig­
ure 33) as a function of Kf . As Figure 34 illustrates, the expected asymtotic 
behavior of flow through the packed borehole for increasing K is not observed. 
On the contrary, the experimental results appear quite independent of K . As 
observed from the theoretical portion of Figure 33, the slope of the dilution data 
(plotted semilogarithmically) should become more negative as the parameter K 
increases. As indicated by the experimental plot, however, this is not the case. 
Although there is a change in the experimental slope as a function K , this 
change does not occur in a systematic way. Unfortunately, there are many fac­
tors which could be responsible for this result. Systematic error could have been
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Figure 32. Results of first varied-K experiments. Flowchamber pore wa­
ter velocity =  3.72 m/day.
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Figure 33. Theoretical and experimental response for the first varied-K 
experiments, plotted at same scale for comparison. r
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Figure 34. Theoretical verses experimental change in semilogarithmic 
slope as a function of K r, for the first varied-K experiments. Note the 
lack of systematic change in the experimental results.
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introduced by nonuniformity in experimental procedure. Random error due to 
fluctuation in certain physical parameters over the course of an experiment, or 
due to other unknown phenomena, could be responsible. Additionally, these 
error sources could be operating together in some unknown way. Table 5 com­
pares the theoretical and experimental results.
Because the proportionality between and K f is critical to the applica­
tion of the modified borehole dilution technique in determining aquifer hydraulic
conductivity K , a second set of K -varied experiments were performed, taking a, r
great care to avoid introducing systematic error into the experiments. Further­
more, water temperature variation was closely monitored, under the assumption 
tha t significant changes in water temperature could affect the background electri­
cal conductivity during the course of an experiment, and therefore bias the 
results. Additionally, significant water temperature variations could affect the 
viscosity of the flowchamber water, possibly changing the flowchamber fluid flow 
charateristics in some way.
Figure 35 is a semilogarithmic plot of the second KA-varied experiment 
results. For these experiments, the flowchamber pore water velocity was held 
constant at 1.84 m /day, and the parameter K was varied from 1.34 to 8.94. 
Three experiments were performed at each value of K . Between each experi­
ment, the downhole tool glass beads were removed, dried, and repacked, as a 
means of determining the variability between experiments likely due to packing 
arrangement. Again, the proportionality between and predicted by the 
theoretical model is not observed in the experimental results. This condition can 
be seen more clearly in Figure 36, which gives the theoretical and experimental 
response together at the same scale, and Figure 37, which presents the theoreti­
cal and experimental slopes from Figure 36 as a function of K^. As noted for the 
first K -varied experiments, there is a definite change in the slope of these
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TABLE 5. INITIAL K -VARIED EXPERIMENT RESULTS
K Theoretical Slope Experimental Slope
(1/min.) (1/min.)
0.61 -0.148 -0.130
0.79 -0.172 -0.131
1.34 -0.223 n /a
2.41 -0.276 -0.116
5.89 -0.312 -0.101
8.91 -0.332 -0.182
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Figure 35. Least-squares plot of second varied-K experimental results. 
Flowchamber pore water velocity =  1.84 m /day. r
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Figure 36. Theoretical and experimental response for the second varied­
l y  experiments, plotted at same scale for comparison.
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Figure 37. Theoretical verses experimental change in semilogarithmic 
slope as a function of K (>, for the second varied-K experiments. Ap­
parent random fluctuation in experimental results is illustrated.
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experimental data for different K^, however this change appears to be random. 
Table 6 presents the theoretical and experimental results for the second varied­
ly, experiments. The care with which these experiments were performed, together 
with the successful normal point-dilution experiment results previously obtained, 
seem to rule out systematic experimental error as the cause of the negative 
results.
Four factors which are the most likely cause of the observed non­
proportionality between the tracer dilution rate and the parameter are the 
intrinsically random packing arrangement of the glass beads within the labora­
tory apparatus downhole measuring volume, the randomness associated with 
positioning the downhole tool within the well, the fundamental problem of 
obtaining an accurate measurement of the packed borehole pore water velocity 
V^p in the region of maximum sensitivity to the parameter K r, and the probable 
existence of non-uniform, three-dimensional flow within the flowchamber due to 
the presence of the packed borehole. More than likely, these effects are operating 
in unison to produce the random fluctuations observed in the experimental 
results.
Of the four effects most likely responsible for the experimental results, the 
effect due to the problem of obtaining an accurate value for in the region of 
maximum sensitivity to the parameter K , coupled with the effect due to non- 
uniform, three-dimensional flow within the flowchamber, may be the most 
significant. The first of these effects has previously been discussed. The second 
effect, th a t of three-dimensional flow around and through the packed borehole, 
can be conceptualized as follows. The theory developed by W heatcraft and Win- 
terberg (1985) requires that flow within the porous medium surrounding the 
packed borehole be horizontal and laminar, and further that flow transitioning 
from this porous medium into the borehole porous medium and out again also
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TABLE 6. SUMMARY OF SECOND IC -VARIED EXPERIMENT RESULTSr
Kr Theoretical
Slope(l/min.)
Experimental 
Slope( 1/min.)
-0.065
1.3-1 -0.110 -0.071
-0.070
-0.071
2.44 -0.137 -0.057
-0.077
-0.089
5.89 -0.155 -0.099
-0.069
-0.072
8.94 -0.164 -0.068
-0.068
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obey these conditions. However, the presence and scale of the packed borehole 
section may exert an influence on the flowchamber flow held such tha t a 
significant vertical component of flow exists in the region surrounding the packed 
borehole. Figure 38 is an idealized representation of this situation. Although this 
phenomenon is difficult to quantify, it is reasonable to assume that this process 
could introduce significant changes in the portion of flow moving through the 
packed borehole section, relative to the predicted amount of flow through this 
section based on the theoretical results in W heatcraft and Winterberg (1985). It 
is possible th a t by increasing the volume (that is, the length) of the packed 
downhole tool relative to the portion of the tool where the actual dilution pro­
cess takes place, the randomness introduced into the experimental data due to 
three-dimensional flow can be removed (Figure 39). Reducing this source of ran­
dom error may provide the sensitivity needed to detect proportional changes in 
dilution rate as a function of K^, for a given flowchamber pore water velocity.
The significance of the scale of the packed borehole section relative to the 
section where the dilution measurement is made was investigated in the third 
varied-K, experiments. In these experiments, the downhole tool was modified as 
in Figure 39, and three sets of three dilution experiments were performed, using 
glass beads of K ,= 2 .44 , 5.89, and 8.84. The flowchamber pore water velocity 
was held constant at 1.72 m /day. All other experimental parameters were set as 
in the first and second varied-K experiments. Table 7 summarizes the results of 
the third varied-K experiments. Figure 40 is a plot of the experimental verses 
theoretical slopes as a function of K . As in the first and second varied-Kr 
experiments, the experimental slopes from the third varied-K experiments 
appear to be independent of the parameter K . Hence, it is likely the case that 
the effect due to the problem of obtaining an accurate measurement of in 
the range of maximum sensitivity to K is the dominant effect responsible for the
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Figure 38. Idealized representation of flow-field distribution due to packed 
borehole section.
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TABLE 7. SUMMARY OF THIRD IC -VARIED EXPERIMENT RESULTS  r __________
Kr Theoretical
Slope(l/min.)
Experimental
Slope(l/min.)
-0.181
2 .44 -0.197 -0.259
-0.290
-0.246
5.89 -0.222 -0.205
-0.205
-0.227
8.94 -0.234 -0.279
-0.226
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—I—  Theoretical Response 
— x— Experimental Response
- 0 .0 5  —
F l o w c h a m b e r  P o r e  W a t e r  Vel .  =  1 . 7 6  m / d a y
0 .1 0  —
Q-  - 0 .1 5  —
0 .2 0  —
 X
X—  '
- 0 .2 5  —
108 96 73 52 40
Kr
Figure 40. Theoretical verses experimental change in semilogarithmic 
slope as a function of K , for the third varied-K experiments. Apparent 
random fluctuation in experimental results is illustrated.
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apparent random experimental results. Unfortunately, this effect cannot be con­
trolled experimentally. Thus, it is reasonable to conclude tha t the modified 
borehole dilution method, as applied in these experiments, is an inappropriate 
method for investigating the in situ saturated hydraulic conductivity theory.
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Summary and Conclusions
M odified T herm al F low m eter E xperim ents
The experiments performed to determine packed borehole pore water velo­
city by measuring the arrival time of the advected portion of a heat pulse 
generated within a packed borehole were unsuccessful, mainly because conduc­
tion of the heat pulse was the dominant transport mechanism. Hence, the 
arrival of the advective heat front at the down gradient thermistor was com­
pletely masked by the arrival of the conductive heat front. It is possible that by 
utilizing a porous packing material which is less sensitive to heat conduction, the 
advected portion of the heat pulse may be detectable, in which case the thermal 
pulse technique for determining may be applicable. Additionally, an effort 
was made to determine a method for utilizing the measured differences in 
thermistor response between the up gradient and down gradient thermistors, 
however this method required empirical calibration of the instrument and there­
fore was determined inappropriate.
M odified Borehole D ilu tion E xperim en ts
Results of experiments utilizing the modified borehole dilution technique to 
determine were inconclusive. Application of the technique using the labora­
tory apparatus has shown that first order decay of a continuously diluted elec­
trolytic tracer introduced into the borehole porous medium can be measured, and 
that the rate of dilution of this tracer is directly proportional to the pore water 
velocity within the medium surrounding the borehole. However, in experimen­
tally investigating the applicability of the modified borehole dilution technique,
I l l
it was required that the dilution rate of the tracer be directly proportional to the 
parameter K f (the ratio of borehole to flowchamber hydraulic conductivity), as 
measured at a constant flowchamber velocity. This proportionality, which is the 
basis of the modified borehole technique, was not observed. There are many fac­
tors which may be responsible for the apparent random relationship between 
tracer dilution rate and K . Additionally, one or more of these factors may exert 
a dominant influence on the data, and any of these factors may be operating in 
unison. Thus, understanding the cause of the randomness in the experimental 
data is difficult.
The least likely factors which may have influenced the experimental results 
are systematic errors due to experimental procedure prior to and during an 
experiment. As previously noted, much care was taken in setting up and con­
ducting a dilution experiment in a systematic way, hence any systematic error 
introduced in this process should tend to influence all experimental results in a 
similar fashion. This argument also applies to other potential sources of deter­
ministic error, such as the calibration experiment performed to determine the 
relationship between the laboratory apparatus electrical response and the electri­
cal conductivity of the circulating borehole fluid.
Influencing factors due to the introduction of random errors are the most 
likely cause of the non-proportionality between tracer dilution rate and K . Of 
these random errors, the least likely to affect the data were instrument errors. 
Between each experiment, all electrical equipment was checked for correct set­
tings and sufficient charge (for battery operated devices), and during an experi­
ment these instruments were closely monitored for any non-uniform behaviour. 
Additionally, mechanical vibrational noise and possible electrical noise was moni­
tored. Any experimental data which may have been biased by these sources of 
error was rejected.
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Another source of random error which is not likely to have influenced the 
experimental results are fluctuations in the flowchamber ambient water tempera­
ture. The temperature of water entering the flowchamber was essentially con­
stant, and remained so throughout the course of an experiment. Also, water 
temperature within the flowchamber, as measured over the course of several 
experiments, remained essentially constant.
The results of the first, second, and third varied-K experiments suggest 
tha t the fundamental problem of obtaining an accurate measurement of the 
packed borehole pore water velocity within the region of maximum sensi­
tivity to the parameter I<r is the dominant effect responsible for the random 
experimental results. This problem cannot be controlled experimentally using 
the modified borehole dilution method.
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Suggestions For Future Research
The results of this study suggest that both the advective heat pulse method 
and the modified borehole dilution method are inappropriate techniques for 
measuring pore water velocity through boreholes packed with a porous medium 
of silica glass spheres, and thus are inappropriate methods for verifying the pro­
posed method for determining in situ saturated hydraulic conductivity. How­
ever, it is still possible that either of these techniques can provide useful informa­
tion.
For the case of the advective heat pulse transport method, the most 
significant problem was the extremely efficient heat conduction of the glass beads 
used to pack the borehole. This heat conduction effectively "masked" the arrival 
of any advective heat at the down gradient thermistor. Intuitively, it seems rea­
sonable to assume that if a suitable porous packing material could be found 
which conducted heat less efficiently than the glass beads, then perhaps the 
arrival of the advective heat pulse at the down gradient thermistor could be 
detected. In this regard, packing materials such as styrofoam, or certain types 
of ceramics, may be useful.
For the case of the modified borehole dilution method, the dominant source 
of the apparent random experimental results is likely the fundamental problem 
of making an accurate measurement of the pore water velocity through the 
packed borehole in the region of maximum sensitivity to the parameter K r> It is 
possible that this problem could be significantly reduced by redesigning the 
laboratory borehole dilution apparatus, particularly the downhole tool, to 
accommodate the use of glass beads of extremely small diameter (and hence low
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K — see Table 1). The problem here is mainly in containing the glass beads in 
a relatively optimal packing arrangement. As Table 1 illustrates, to achieve a 
value of I<r less than one requires a borehole tool which can contain glass beads 
of approximately 0.6 mm average diameter or less, yet not significantly restrict 
the movement of pore water from the aquifer into the packed borehole and out 
again. It is possible that this is an engineering limitation which cannot be over­
come. Alternatively, by increasing the hydraulic conductivity of the flowchamber 
porous medium relative to the hydraulic conductivity of the borehole porous 
packing material, the desired sensitivity region of I<r may be achieved without 
the problem of borehole packing material containment. However, this is clearly 
not a desirable solution.
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A P P E N D IX  I
Sensistiv ity  A nalysis o f H ydraulic C onductiv ity  E q u a tio n
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This analysis was conducted to determine the sensitivity of the expression 
for K (Equation 10) to changes in the parameters which make up this expres­
sion, and to estimate the variability in Iv due to propagation of systematic 
errors generated when determining values for the parameters making up (10). 
Recall tha t (10) can be written:
K» =  (Kp,Kp2)
where:
Kpl =  hydraulic conductivity of packing material in first experiment,
Kp2 =  hydraulic conductivity of packing material in second experiment, 
V i =  pore water velocity through first packing material,
Vp2 =  pore water velocity through second packing material, 
npi =  porosity of first packing material, 
np2 =  porosity of second packing material.
Hence, to determine the sensitivity of K , it is necessary to determine how 
K varies for any reasonable combination of the six variables making up (10). 
This task can be simplified if any of the six parameters can be considered con­
stants. This is a reasonable assumption for the porosity terms n  ^ and n ^ i  
which were determined using the following technique: a known volume of glass 
beads were saturated with a known volume of water, and the difference in the 
calculated combined volumes and the actual combined volumes was considered 
the porosity of the glass beads. These experiments were repeated many times for 
each glass bead batch, with virtually no deviation from the values listed in 
Table 1.
^p2np2 ^p lnpl 
^ p  1 n p l ^ p 2  ^ p 2 n p 2 ^ p  1
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The parameters K pj and K g  were determined using a constant-head per- 
meameter. The mean value of nine experimental runs for each glass bead batch 
is given in Table 1. The standard deviation for each glass bead batch was deter­
mined using the formula:
<rK = S (K i-K )2
n (n -l)
where:
K =  mean hydraulic conductivity of glass bead batch,
Kj =  individual hydraulic conductivity value, 
n =  total number of measurements for a glass bead batch.
Additionally, the parameters Vp^ and Vp9 were determined theoretically, based 
on a flowchamber pore water velocity of 1 m /day, and a reasonable standard 
deviation was assigned to each based on the variations noted in the normal 
borehole dilution experiments.
The sensitivity of K  to variations in the parameters making up the expres- 
sion was investigated as follows. A computer program was written which calcu­
lates a value of K & for all possible combinations of the variables K pp  Kp9> V p  
Vp2, and ±  one and two standard deviations for each of these variables. This 
range of variation was considered to contain all reasonable values for the glass 
bead hydraulic conductivity and corresponding packed borehole pore water velo­
city. Any significant change in the calculated value of K  for any given combi-£L
nation is indicative of an increase in the sensitivity of (10) to this combination. 
The program is included at the end of this Appendix.
There are fifteen possible combinations of K  ^ and over the range of 
values listed in Table 1. Each of these combinations was investigated, with no 
extreme variations in Iv noted. Table 8 is an example output for the packing3/
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-3material hydraulic conductivity Kp^=3.93 x 10’ (1x^=1.34) and x
10’3 (K = 2 .44 ).
The variability in the computed value of K (using (10)) due to the propa­
gation of systematic errors generated in the determination of K j  and K ^  and 
in the estimate of variability in and can be approximated by:
<9Ka aica arc <9Ka 
± A K * -  a K 7 A ' c ' + * : AI^ + ^ 7 A V ‘+ A v
0
o
where:
AKj , AKo =  standard deviation of K x and K2, respectively,
AVj , AV2 =  estimated variability in Vj and V2, respectively.
The partial derivatives are evaluated using the mean values of K pp  Kp2> V p  
and Vpg' There are also fifteen possible values for AK& based on the values for 
K j  and K g  given in Table 1. The program used to investigate the sensitivity 
of (10) to varied parameters includes the error propagation function for AK .£L
Table 8 gives an example of the program output, and Table 9 summarizes the 
sensitivity information generated. The complete range of AK is given in Table£L
10. It appears from these results that the variation in (10) due to the propaga­
tion of systematic errors is negligible.
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TABLE 8. EXAMPLE PROGRAM OUTPUT
Jul 5 16:51 1988 Ka Page 1
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
Kpl= 0.39300e+00+/- 0.25757e-02 
Kp2= 0.71200e+00+/- 0.42814e-02 
Vpl= 0.15051e-02+/~ 0.10000e-03 
Vp2= 0.18642e-02+/- 0.10000e-03
*******************************
Kpl Kp2 Vpl Vp2 Ka0 . 38785e+00 0 . 70344e+00 0 . 131e-02 0 . 166e-02 0 . 35940e+000 . 38785e+00 0 . 70344e+00 0 . 131e-02 0.176e-02 0 . 53570e+000 . 38785e+00 0.70344e+00 0 . 131e-02 0 . 186e-02 0 . 78213e+000 . 38785e+00 0.70344e+00 0 . 131e-02 0 . 196e-02 0 . 11509e+010 . 38785e+00 0 . 70344e+00 0.131e-02 0 . 206e-02 0 . 17632e+010.38785e+00 0 . 70344e+00 0 . 141e-02 0 . 166e-02 0 . 20613e+000 . 38785e+00 0 . 70344e+00 0 . 141e-02 0 . 176e-02 0 . 32211e+000 . 38785e+00 0 . 70344e+00 0 . 141e-02 0 . 186e-02 0 . 47200e+000 . 38785e+00 0 .70344e+00 0 . 141e-02 0 . 196e-02 0 . 67320e+000.38785e+00 0 .70344e+00 0 .141e-02 0 . 206e-02 0 . 95750e+000 . 38785e+00 0 . 70344e+00 0 .151e-02 0.166e-02 0 . 10503e+000 . 38785e+00 0 .70344e+00 0 .151e-02 0.176e-02 0 . 18876e+000 . 38785e+00 0 .70344e+00 0 .151e-02 0.186e-02 0 . 29183e+000 . 38785e+00 0.70344e+00 0 .151e-02 0 . 196e-02 0.42183e+000 . 38785e+00 0.70344e+00 0 .151e-02 0 . 206e-02 0.59090e+000 . 38785e+00 0 .70344e+00 0 . 161e-02 0 .166e-02 0 . 33340e-010 . 38785e+00 0 .70344e+00 0.161e-02 0.176e-02 0 . 97577e-010.38785e+00 0.70344e+00 0.161e-02 0 .186e-02 0 . 17409e+000 . 38785e+00 0.70344e+00 0.161e-02 0.196e-Q2 0 . 26675e+000 . 38785e+00 0 .70344e+00 0.161e-02 0 . 206e-02 0 . 38131e+000.38785e+00 0 .70344e+00 0.171e-02 0 .166e-02 - 0 . 20143e-010 . 38785e+00 0 .70344e+00 0.171e-02 0 . 176e-02 0 . 31297e-010.38785e+00 0 . 70344e+00 0.171e-02 0.186e-02 0.91114e-010 . 38785e+00 0.70344e+00 0.171e-02 0.196e-02 0.16153e+000 .38785e+00 0.70344e+00 0 .171e-02 0 . 206e-02 0 . 24565e+000 .38785e+00 0.70772e+00 0 .131e-02 0 . 166e-02 0 . 35433e+000 . 38785e+00 0 .70772e+00 0 . 131e-02 0 .176e-02 0 . 52639e+000 . 38785e+00 0 .70772e+00 0 . 131e-02 0 .186e-02 0 . 76497e+000.38785e+00 0.70772e+00 0.131e-02 0.196e-02 0 . 11179e+010 . 38785e+00 0 .70772e+00 0.131e-02 0 . 206e-02 0 . 16934e+010 . 38785e+00 0.70772e+00 0 . 141e-02 0.166e-02 0 . 20381e+000 . 38785e+00 0.70772e+00 0.141e-02 0 . 176e-02 0 . 31779e+000 . 38785e+00 0.70772e+00 0.141e-02 0 . 186e-02 0 . 46434e+000.38785e+00 0 .70772e+00 0.141e-02 0.196e-02 0 . 65978e+000.38785e+00 0 .70772e+00 0.141e-02 0 . 206e-02 0 . 93342e+000 . 38785e+00 0 .70772e+00 0.151e-02 0 . 166e-02 0 . 10405e+000 . 38785e+00 0.70772e+00 0.151e-02 0.176e-02 0 . 18669e+000 . 38785e+00 0.70772e+00 0 . 151e-02 0.186e-02 0 . 28808e+000 . 38785e+00 0.70772e+00 0 .151e-02 0.196e-02 0 . 41538e+000 . 38785e+00 0.70772e+00 0 . 151e-02 0 . 206e-02 0 . 58001e+000 . 38785e+00 0.70772e+00 0.161e-02 0 . 166e-02 0 . 33073e-010 . 38785e+00 0.70772e+00 0.161e-02 0 . 176e-02 0.96678e-010.38785e+00 0.70772e+00 0 .161e-02 0.186e-02 0 . 17223e+000 . 38785e+00 0 . 70772e+00 0.161e-02 0.196e-02 0 . 26345e+000 . 38785e+00 0.70772e+00 0 . 161e-02 0 . 206e-02 0 . 37576e+000 . 38785e+00 0 . 70772e+00 0 . 171e-02 0.166e-02 -0.20002e-010 .38785e+00 0 . 70772e+00 0 . 171e-02 0 . 176e-02 0 . 31048e-010 . 38785e+00 0 .70772e+00 0 .171e-02 0 . 186e-02 0 . 90285e-010 . 38785e+00 0 . 70772e+00 0.171e-02 0 .196e-02 0 . 15985e+00
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0.18372e+01 
0.21247e+00 
0.33229e+00 
0.48741e+00 
0.69615e+00
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0.39815e+00 
0.3 9815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00 
0.39815e+00
0.72056e+00 
0.72Q56e+00 
0.72056e+00 
0.72056e+00 
0.72056e+00 
0.72056e+00 
0.72056e+00 
0.72056e+00 
0.72056e+00 
0.72056e+00 
0.72056e+00 
0.72056e+00 
0.72056e+00 
0.72056e+00 
0.72056e+00 
0,72056e+00
Number of combinations = 625
Variation in Ka= +/- 2.56029e
0.141e-02 
0.151e-02 
0.151e-02 
0.151e-02 
0.151e-02 
0.151e-02 
0.161e-02 
0.161e-02 
0.161e-02 
0.161e-02 
0.161e-02 
0.171e-02 
0.171e-02 
0.171e-02 
0.171e-02 
0.171e-02
- 0 2
0.206e-02 
0.166e-02 
0.176e-02 
0.186e-02 
0.196e-02 
0. 206e-02 
0.166e-02 
0.176e-02 
0.186e-02
0.196e-02 
0.206e-02 
0.166e-02 
0.176e-02 
0.186e-02 
0.196e-02 
0.206e-02
0.99209e+00 
0.10818e+00 
0.19454e+00 
0.30099e+00 
0.43546e+00 
0.61069e+00 
0.34325e-01 
0.10050e+00 
0.17940e+00 
0.27508e+00 
0.39351e+00 
0.20730e-01 
0.32222e-01 
0.93 842e-01 
0.16645e+00 
0. 25327e+00
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proqram sens 
DIMENSION H(4 , 5)
REAL K1,K2,VI,V2,N1,N2,Ka,sigKl,sigK2,sigVl,sigV2 
REAL dKaKl,dKaK2,dKaVl,dKaV2,delKa 
INTEGER X,s
c * This program determines the solution *
c * to the hydraulic conductivity equation *
c * (Equation 10) for all possible combinations *
c * of the four variables Kpl, Kp2, Vpl, and *
c * Vp2. An estimate of the variation in Ka *
c * is also calculated. Porosity (npl, np2) is *
c * considered constant for each glass bead *
c * batch. Output is -written to the file named *
c * "Ka" and is in 5 columns which are, from *
c * left to right, Kpl, Kp2, Vpl, Vp2, and the *
c * parameter Ka. Each iteration run has a *
c * header giving the mean values for the four *
c * variables. Input required are the mean *
c * values for the four known variables *
c * and the standard deviation of these values, *
c * as well as values for glass bead porosities. *
c * *
c * Joel S. Hayworth, 6/1/88 *
c * *
open (1, file=1Ka', status='new') 
rewind 1
c
c **Initialize array**
c
31 call system ('clear')
print *, 'Enter mean values for the variables Kpl, Kp2,' 
print *, 'Vpl, and Vp2, in that order:' 
read *, K1,K2,V1,V2 
call system ( 'clear1)
print *, 'Enter standard deviation for these variables,'
print *, 'in the same order'
read *, sigKl, sigK2, sigVl, sigV2
call system ('clear')
c
c **Fill array with mean values**
c
H(1,3)=K1 
H(2,3)=K2 
H(3,3)=V1 
H(4,3)=V2
LJ
c **Fill remainder of array with mean + or - l,2sigma**
H(l,1)=Kl-2*sigKl 
H(1,2)=Kl-sigKl 
H(1,4)=Kl+sigKl 
H(l,5 )=Kl+2*sigKl 
H(2,l)=K2-2*sigK2 
H(2,2)=K2-sigK2
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H(2,4)=K2+sigK2 
H(2,5)=K2+2*sigK2 
H(3,l)=Vl-2*sigVl 
H(3,2)=Vl-sigVl 
H(3,4)=Vl+sigVl 
H(3,5)=Vl+2*sigVl 
H(4,1)=V2~2*sigV2 
H(4,2)=V2-sigV2 
H(4,4)=V2+sigV2 
H(4,5)=V2+2*sigV2 
call system ( 'clear')
c
c **Consider porosity of glass beads to be a constant
c equal to the mean value**
c
print *, 'Enter porosity of 1st. glass beads (npl)'
read *, N1
print *, 'Enter np2'
read *, N2
call system ( 'clear')
c
c **Begin iteration—nested do-loops calculate all
c possible combinations (625 of them) of the four
c variables Kl, K2, VI, V2**
c
s=0
write (1/*) 1 ■
write (1,145) H(l,3),sigKl
write (1,146) H(2,3),sigK2
write (1,147) H(3,3),sigVl
write (1,148) H(4,3),sigV2
write (I.,*) r ********************************** 1 
write (1,149) 
do 103, j-1,5 
K1=H(1,j ) 
do 102, k=l,5 
K2=H(2,k) 
do 101, 1=1,5 
V1=H(3,1) 
do 100, m=l,5 
V2=H(4,m)
Ka=(Kl*K2)*((V2*N2)-(Vl*Nl))/((V1*N1*K2)-(V2*N2*K1)) 
write (1,153) H(1,j ),H(2,k),H(3,1),H(4,m),Ka 
s=s+l
100 continue
101 continue
102 continue
103 continue
write (1,*) 'Number of combinations = ' , s
c
c **Calculate estimated variation in Ka due to propagation
c of dependent errors in Kpl, Kp2, Vpl, and Vp2**
c
K1=H(1,3) 
K2=H(2,3) 
V1=H(3,3)
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V2=H(4,3)
dKaKl=((((K1*K2)*(V2*N2)**2)-(K1*K2*V2*N2*V1*N1))
+ / ( (K2*V1*N1~K1*V2*N2)**2))+((K2*V2*N2-K2*V1*N1)
+ /(K2*V1*N1-K1*V2*N2))
dKaK2=((((K1*K2)*(V1*N1)* *2)-(K1*K2*V2*N2*V1*N1))
+ / ( (K2*V1*N1-K1*V2*N2)**2))+((K1*V2*N2-K1*V1*N1)
+ /(K2*V1*N1-K1*V2*N2))
dKaVl=(((((K2*N1)**2)*(K1*V1))-((K2**2)*K1*V2*N2*N1))
+ / ( (K2*V1*N1-K1*V2*N2)**2))-
+ ((K1*K2*N1)/(K2*V1*N1-K1*V2*N2))
dKaV2=(((((K1*N2)**2)*(K2*V2))-((K1**2)*K2*N2*V1*N1))
+ / ( (K2*V1*N1-K1*V2*N2)**2))+
+ ((K1*K2*N2)/(K2*V1*N1-K1*V2*N2))
delKa=ABS((dKaKl)*(sigKl)+(dKaK2)*(sigK2)+(dKaVl)*(sigVl)+ 
+ (dKaV2)*(sigV2))
write (1,*) 'Variation in Ka= +/-' , delKa
c
c **loop back to make another iteration run**
c
print *, 'Do another? (y=l,n=2)' 
read *, X
i f  (X .EQ. 1) then
call system ( 'clear') 
go to 31 
else i f  (X .EQ. 2) then
call system ( 'clear')
print *, 'Output is in file  called "Ka"' 
print *, '********job COMPLETE********' 
go to 155
end i f
c
c **format statements for output header**
c
145 format (2x,'Kpl=',E12.5,'+/-1,E12.5)
146 format (2x,1Kp2=1,E12.5,’+ /-',E12.5)
147 format (2x,'Vpl=',E12.5,’+ /-',E12.5)
148 format (2x,'Vp2=',E12.5,'+/“ ' /El2.5)
149 format (9x,'Kpl1,13x,'Kp2’ ,9x,'Vpl’ ,8x,'Vp2' , lOx,'Ka')
c
c **format statement for output**
c
153 format (4x,E12.5,4x,E12.5,2x,E9.3,2x,E9.3,2x,E12.5)
c
155 stop
end
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TABLE 9. SUMMARY OF SENSITIVITY DATA
Iv ,= 0 .1 7 9  ±  8.829 x 10"4 cm/s 
KPo=0.231 ±  1.737 x 10"4 cm/s 
V Pr=9.958 x 10'4 ±  1.0 x 10'5 cm/s 
VP0= 1 .1 6  x 10’4 ±  1.0 x 10"4 cm/s
Pi KP2 VP1
<M
>
a Ka (cm/s)
mean mean mean mean 0.303
+2AK ,
-AK J
-2AK .
Pimean
mean mean mean 0.275
mean mean mean 0.289
mean mean mean 0.319
mean mean mean 0.337
+2AKp2 
4  p2
" A 1V
mean mean 0.308
mean mean mean 0.305
mean mean mean 0.301
mean "2AKpO mean mean 0.299
mean mean +2AV ,
+ A V n
-AVP
-2AVP.
plmean
mean 0.429
mean mean mean 0.359
mean mean mean 0.258
mean mean mean 0.221
mean mean +2A V p2
+ AVp2-AV f
-2AVPp2
-0.023
mean mean mean 0.066
mean mean mean 2.433
mean mean mean -1.123
K ,= 0 .1 7 9  ±  8.829 x 10'4 cm/s 
KPo=0.393  ±  2.576 x 10'3 cm/s 
V Pr=9.958  x 10"4 ±  1.0 x 10" cm/s 
VPo= 1.505  x 10"3 ±  1.0 x 10"4 cm/s
KP1 KP2 v pi VP2
Ka (cm/s)
mean mean mean mean 0.294
+ 2AKPi+ AKP<
-AK !
-2AKP|
Plmean
mean mean mean 0.285
mean mean mean 0.289
mean mean mean 0.299
mean mean mean 0.303
+2AK 0 mean mean 0.303
mean + AKp2“
”AKp2
"2AKp2
mean
mean mean 0.298
mean mean mean 0.290
mean mean mean 0.286
mean + 2 A V ,
+A V nl
-AVP
-2AVP,
plmean
mean 0.327
mean mean mean 0.310
mean mean mean 0.279
mean mean mean 0.265
mean mean +2AVP2
+A V p2
-AV f
-2AVP
p2
0.138
mean mean mean 0.206
mean mean mean 0.412
mean mean mean 0.579
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K ,= 0 .1 7 9  ±  8.829 x 10'4 cm/ 
KP„=0.712 ±  4.281 x 10‘3 cm) 
V Pr=9.958 x 10'4 ±  1.0 x 1 0 ,
s
s
cmyi s
V „=1.864 x lO"0 p2 i l . O x  10" cniy/s
Pi KP2 v p i VP2
Ka (cm/s)
mean mean mean mean 0.295
+2AIC ,
-AK .
-2AKP,
Pimean
mean mean mean 0.289
mean mean mean 0.292
mean mean mean 0.298
mean mean mean 0.300
+2AK mean mean 0.298
mean + AKp2
-AKp2
-2AKp2
mean mean 0.296
mean mean mean 0.293
mean mean mean 0.292
mean mean +2AV
+ A yP {
-AVP
-2AVP
Pimean
mean 0.314
mean mean mean 0.304
mean mean mean 0.286
mean mean mean 0.278
mean mean +2AVp2 
+AVp2 
"A p2 
"2AVp2
0.207
mean mean mean 0.249
mean mean mean 0.345
mean mean mean 0.401
K . =0.179  ±  8.829 x 10'4 cm/ 
KP„=0.172 dh 2.188 x 10'2 cm) 
VP =9.958  x 10'4 ±  1.0 x 10‘5
s
s
cmy
VpO=2.104  x 10 ±  1.0 x 10"4 cmyf s
K ,Pi KP2 v pi Vp2
Ka (cm/s)
mean mean mean mean 0.294
+2AK .
+A< 
-AK !
-2AKP.
Pimean
mean mean mean 0.290
mean mean mean 0.292
mean mean mean 0.296
mean mean mean 0.298
+2AKp2
+A K p2
-AKp2
-2AKp2
mean
mean mean 0.296
mean mean mean 0.295
mean mean mean 0.293
mean mean mean 0.292
mean +2AVPi
+ AV.t
-AV J
-2AVpl
mean
mean 0.307
mean mean mean 0.300
mean mean mean 0.288
mean mean mean 0.282
mean mean + 2AVdo 0.237
mean mean mean + A v p2“
-AV „
-2AVP
p2
0.264
mean mean mean 0.324
mean mean mean 0.354
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K j = 0 .179  ±  8.829 x.10'4 cm/s 
KP9=0.261 ±  0.136 cm/s 
VP 7=9.958 x 10'4 ±  1.0 x 10"5 cm/s 
VP9=2.237  x 10’3 ±  1.0 x 10'4 cm/s
K , Pi KP2 vpi VP2 Ka (cm/s)
mean mean mean mean 0.230
+2AK .
+AK nl
-AKP)
-2AK .plmean
mean mean mean 0.296
mean mean mean 0.298
mean mean mean 0.301
mean mean mean 0.303
+ 2AKp2
+AK p2
-AIv
mean mean 0.307
mean mean mean 0.303
mean mean mean 0.297
mean -2AKp2 mean mean 0.294
mean mean +2AV ,
+ AVn-avp!
‘2AVpi
mean
mean 0.311
mean mean mean 0.305
mean mean mean 0.294
mean mean mean 0.289
mean mean +2AVp2 
+AVp2 
"A p2 
-2AVp2
0.249
mean mean mean 0.274
mean mean mean 0.325
mean mean mean 0.352
K ,= 0 .2 3 1  ±  1.737 x 10'4 cm/s 
KPo= 0.393  ±  2.576 x 10'3 cm/s 
VP“= 1 .1 6  x 10'3 ±  1.0 x 10'4 cm/s 
VP0= 1 .51  x 10"3 ±  1.0 x 10"4 cm/s
K ,Pl K op2 v pi Vp2
Ka (cm/s)
mean mean mean mean 0.289
+2AI( -
+AK nl
-AK |
-2AICP
Plmean
mean mean mean 0.288
mean mean mean 0.289
mean mean mean 0.291
mean mean mean 0.291
+2AK 0 mean mean 0.303
mean + a k p; mean mean 0.296
mean mean mean 0.291
mean -2AKS mean mean 0.291
mean mean +2 AV i
+avs-avp
■2AVP1
mean
mean 1.672
mean mean mean 0.587
mean mean mean 0.151
mean mean mean 0.071
mean mean +2AVp2
+AVp2
-AVp2
-2AVP2
0.085
mean mean mean 0.169
mean mean mean 0.475
mean mean mean 0.798
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K ,= 0 .231  ±  1.737 x 10'4 cm/s 
ICP9=0.712 ±  4.281 x 10'3 cm/s 
VP“=1.16  x 10"3 ±  1.0 x 10'4 cm/s 
VP2=1.864 x 10'3 ±  1.0 x 10'4 cm/s
KP1 KP2 V VP2 Ka (cm/s)
mean mean mean mean 0.293
-{-2AK . mean 
+AK , mean 
-AK * mean 
-2AK*\ mean 
mean* + 2AK^2 
mean +AK g 
mean -AK 0
mean mean 0.292
mean mean 0.293
mean mean 0.293
mean mean 0.294
mean mean 0.297
mean mean 0.295
mean mean 0.291
mean -2AK 0 mean mean 0.289P-mean mean +2AV . 
+ AVn
-AV j
-2AVPf
Plmean
mean 0.588
mean mean mean 0.408
mean mean mean 0.213
mean mean mean 0.154
mean mean +2A V p2
+AVp2
-AVp2
-2AVp2
0.188
mean mean mean 0.238
mean mean mean 0.355
mean mean mean 0.426
IC ,= 0 .231  ±  1.737 x 10'4 cm/s 
KP0= 1.72  ±  2.188 x 10‘2 cm/s 
V Pr=1.16 x 10'3 ±  1.0 X 10‘4 cm/s 
VP9=2.104 x 10"3 ±  1.0 x 10"4 cm/s
K , K „p l p2 Vp l VP2
Ka (cm/s)
mean mean mean mean 0.293
+2AK . mean
a  rrPl+AK . mean
AT-rPl-AK , mean 
-2AK - mean 
meaif H-2AKp0
mean mean 0.292
mean mean 0.292
mean mean 0.293
mean mean 0.293
mean mean 0.295
mean H-AK^ 
mean -AK « 
mean -2AK^2 
mean mean
mean mean 0.293
mean mean 0.291
mean mean 0.290
+2AV -
+ a v p i  
-AV ,
-2AVP
mean 0.452
mean mean mean 0.362
mean mean mean 0.238
mean mean mean 0.194
mean mean P“mean +2AVp2
+A V p2
- A V pO
0.227
mean mean mean 0.259
mean mean mean 0.327
mean mean mean "2AVp2 0.362
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K 1=0.231 ±  1.737 x 10‘4 cm /s 
KPo=0.261 ±  0.136 cm/s 
V P“=1.1G x 10'3 +  1.0 x 10'4 cm/s 
VP„=2.237 x lO'3 :^ 1.0 x 10‘4 cm/s
K , Pl KP2 V VP2 Ka (cm/s)
mean mean mean mean 0.299
+2AK ,
-a k p
-2AKpi
mean
mean mean mean 0.299
mean mean mean 0.299
mean mean mean 0.299
mean mean mean 0.300
+29*DK 9 
+ a k p
‘ A IV
mean mean 0.307
mean mean mean 0.303
mean mean mean 0.296
mean -2AKP“p2mean
mean mean 0.293
mean +2AV i 
+AVP{
-AVpO
mean 0.441
mean mean mean 0.362
mean mean mean 0.249
mean mean -2AVpI
mean
mean 0.207
mean mean +2A V p2
+A V p2
-AVpO
0.242
mean mean mean 0.270
mean mean mean 0.328
mean mean mean -2AV*“p2 0.358
IC ,= 0 .3 9 3  ±  2.576 x 10’3 cm/s 
KPo= 0.712 ±  4.281 x 10'3 cm /s 
VP“=1.505 x 10‘3 ±  1.0 x 10‘4 cm/s 
VP2=1.864  x 10'3 ±  1.0 x 10'4 cm/s
Pl KP2 Pl to
Ka (cm/s)
mean mean mean mean 0.296
+2AKPi
-AK j
-2AKP!
Plmean
mean mean mean 0.285
mean mean mean 0.290
mean mean mean 0.303
mean mean mean 0.309
+2AKp2 
+AKp2 
"A p2 
-2AKp2
mean
mean mean 0.304
mean mean mean 0.300
mean mean mean 0.293
mean mean mean 0.289
mean +2AVPi
+ AVpi
-AV .
-2AVP
Plmean
mean 0.796
mean mean mean 0.480
mean mean mean 0.177
mean mean mean 0.092
mean mean +2AVP2
+A V p2
-AVp2
-2AVp2
0.107
mean mean mean 0.192
mean mean mean 0.429
mean mean mean 0.601
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K ,= 0 .3 9 3  ±  2.576 x 10"'r cm/s 
KP0= 1 .72  ±  2.188 x 10'2 cm/s 
V P“=1.505  x 10"3 ±  1.0 x 10'4 cm; 
VPo= 2.104  x 10‘3 ±  1.0 x 10'4 cmy
/s
/s
K , Pl
K 0p2 VP1 Vp2 Ka (cm/s)
mean mean mean mean 0.291
+2AKPi
+ a k pi  
- AK ,
-2AKP,
plmean
mean mean mean 0.288
mean mean mean 0.291
mean mean mean 0.297
mean mean mean 0.300
+2AK  , 
+AKP!  
-AKP
-2AKP.
Plmean
mean mean 0.298
mean mean mean 0.296
mean mean mean 0.292
mean mean mean 0.290
mean +2A V  ,
+A V  f
■AVP
-2AVP
Plmean
mean 0.467
mean mean mean 0.371
mean mean mean 0.231
mean mean mean 0.179
mean mean +2AVp2
+A V p2
-AV f
-2AVP„p2
0.199
mean mean mean 0.246
mean mean mean 0.345
mean mean mean 0.398
I< ,= 0 .3 9 3  ±  2.576 x 10‘3 cm/s 
KP0= 2.61  ±  0.1359 cm/s 
V P“=  1.505 x 10'3 ±  1.0 x 10’4 cmy 
VP0=2.237 x 10'3 ±  1.0 x 10'4 cm(
/s
f s
KP1 KP2 Vpl VP2
Ka (cm/s)
mean mean mean mean 0.303
+2AK
+ AKpl
-AKn,
-2AKP1
mean
mean mean mean 0.298
mean mean mean 0.300
mean mean mean 0.305
mean mean mean 0.308
+2AK mean mean 0.314
mean +AKp2
-AK „
-2AKp2
mean
mean mean 0.308
mean mean mean 0.298
mean mean mean 0.294
mean 4-2AV t
■AV .
-2 AVP, 
Pl mean
mean 0.450
mean mean mean 0.369
mean mean mean 0.247
mean mean mean 0.199
mean mean +2AVp2
+ AVp2
-AV f
-2AVP
p2
0.223
mean mean mean 0.263
mean mean mean 0.344
mean mean mean 0.387
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Iv .= 0 .7 1 2  ±  4.281 x 10"'5 cm/s
K^0= 1.72  ±  2.188 
V |=1.8G4 x 10’3 
VPo=2.104 x 10'3
x 10" cm/s 
±  1.0 x 10'4 
±  1.0 x 10"4
cm,
cm,
/s
i s
KP1 KP2 v pl VP2
Ka (cm/s)
mean mean mean mean 0.292
+2AK
+AK pl
-AK*
-2AKP1
mean
mean mean mean 0.285
mean mean mean 0.288
mean mean mean 0.295
mean mean mean 0.299
+ 2 A K  o mean mean 0.299
mean + A K pO mean mean 0.293
mean - A K pO mean mean 0.288
mean -2AKp2
mean
mean mean 0.285
mean +2A V Pi
+ AVn1
-AV !
-2AVP
Plmean
mean 0.565
mean mean mean 0.412
mean mean mean 0.195
mean mean mean 0.115
mean mean +2AVp2
+ AVp2
“AVp2
-2AVp2
0.118
mean mean mean 0.201
mean mean mean 0.392
mean mean mean 0.502
K . =0.712 ±  4.281 x 10'3 cm /s
K o=2-61 db 0.136
V* “=1.864 x 10‘3
VP0=2.237 x 10‘3 p2
cm/s
±  1.0 x 10"4 
±  1.0 x 10"4
cm/
cm/
I s
I s
KP1 K P 2 v p i VP2
Ka (cm/s)
mean mean mean mean 0.308
+ 2 A K P i
+ A K n 1
-2A K  .
P lmean
mean mean mean 0.302
mean mean mean 0.305
mean mean mean 0.310
mean mean mean 0.313
+2AK o mean mean 0.328
mean + A K po mean mean 0.317
mean -AKp2
-2AKp2
mean
mean mean 0.300
mean mean mean 0.0.293
mean +2AVPi
+ A V nT
-AV j
-2AVP.
Plmean
mean 0.509
mean mean mean 0.399
mean mean mean 0.230
mean mean mean 0.163
mean mean + 2 A V pO 0.174
mean mean mean + AVp2
-AVp2
"2AVp2
0.239
mean mean mean 0.379
mean mean mean 0.455
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Iv 1= 1 .7 2  ±  2.188 x 10'2 cm /s  
KP0= 2 .6 1  ±  0.136 cm /s  
V P“= 2 .1 0 4  x 10'3 ±  1.0 x 10'4 cm /s 
V P0= 2 .2 3 7  x 10"3 ±  1.0 x 10'4 cm /s
K , p l K o p2 V VP2 Ka (cm/s;
mean mean mean mean 0.361
+2A K
+ A r .  
-AK  j
"2AKp l
mean
mean mean mean 0.332
mean mean mean 0.346
mean mean mean 0.377
mean mean mean 0.393
+2A K p2
+ A K p2
"AK p2
- 2 A K P 2
mean
mean mean 0.495
mean mean mean 0.414
mean mean mean 0.323
mean mean mean 0.296
mean + 2A V Pi
+ a / .
-AV  |
-2AV P,
Plmean
mean 1.327
mean mean mean 0.753
mean mean mean 0.076
mean mean mean -0.140
mean mean + 2AVp2
+ AVp2
-A V  f
-0.153
mean mean mean 0.795
mean mean mean 0.708
mean mean mean
d 2
-2A V  „ 
p2
1.146
T A BLE 10. C O M PLETE R A N G E  O F A K a
Run # ± AI<a (cm/s) Run # ±  AKa (cm/s)
1 0.391 11 1.873 x 10"2
o 8.598 x 10"“ 12 2.221 x 10"“
3 4.020 x 10"“ 13 1.245 x 10"“
4 2.391 x 10"“ 14 1.975 x 10"2
5 1.855 x 10"2 15 4.809 x 10'“
6 4.853 x 10"“
7 3.711 x 10"“
8 2.838 x 10"2
9 3.008 x 10"“
10 2.560 x 10"2
A P P E N D I X  II
D igital D a ta -N o rm al P o in t D ilution E xperim en ts
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Flow cham ber Pore W ater V e l.= 0 .0  m /d a y
T im e (m in .) E C T im e (m in .) E C T im e  (m in .) E C
3.020 2535.83 3.120 2532.91 3.230 2519.07
3.310 2521.46 3.420 2515.88 3.520 2512.94
3.610 2509.75 3.710 2498.84 3.820 2492.98
3.930 2490.06 4.020 2481.55 4.120 2475.96
4.210 2472.77 4.320 2464.52 4.420 2458.67
4.520 2455.74 4.620 2444.55 4.720 2441.63
4.820 2430.46 4.930 2424.60 5.020 2421.68
5.120 2413.42 5.230 2410.23 5.320 2407.30
5.420 2396.14 5.530 2387.61 5.630 2382.03
5.720 2376.43 5.820 2376.17 5.920 2372.98
6.030 2367.40 6.130 2356.21 6.230 2353.30
6.320 2347.43 6.430 2341.84 6.520 2333.33
6.620 2330.41 6.720 2327.48 6.820 2329.87
6.940 2321.36 7.020 2315.77 7.130 2307.26
7.220 2304.32 7.330 2304.06 7.430 2298.21
7.520 _ 22.92.62_ 7.620 2284.11 7.720 2278.52
7.830 2267.34 7.920 2269.74 8.020 2266.81
8.120 2261.22 8.220 2258.02 8.330 2252.45
8.420 2246.60 8.530 2243.66 8.610 2240.74
8.720 2235.15 8.820 2229.29 8.920 2229.02
9.030 2217.85 9.120 2214.92 9.210 2214.65
9.330 2203.48 9.430 2203.22 9.520 2200.29
9.630 2197.36 9.730 2194.17 9.820 2185.92
9.930 2183.00 10.020 2177.14 10.120 2171.55
10.210 2168.62 10.330 2160.11 10.420 2159.84
10.530 2159.57 10.620 2156.65 10.720 2153.45
10.820 2145.21 10.910 2142.29 11.020 2139.09
11.110 2130.8,4 11.210 2127.65 11.320 2130.30
11.420 2127.11 11.520 2126.85 11.620 2123.93
11.710 2118.33 11.830 2118.07 11.920 2109.55
12.020 2101.04 12.120 2095.45 12.220 2092.53
12.320 2086.67 12.420 2075.50 12.520 2069.90
12.600 2066.98 12.720 2063.79 12.810 2063.79
12.910 2057.93 13.010 2057.67 13.110 2054.73
13.210 2051.81 13.310 2048.89 13.410 2040.37
13.520 2040.10 13.610 2034.26 13.710 2031.32
13.800 2028.40 13.910 2028.13 14.010 2025.20
14.120 2022.28 14.210 2019.08 14.310 2016.16
14.420 2015.89 14.510 2015.63 14.620 2010.03
14.710 2007.11 14.800 2003.91 14.910 2003.65
15.010 1998.07 15.100 1997.79 15.210 1989.28
15.300 1983.69 15.400 1980.76 15.510 1977.57
15.600 1974.65 15.700 1974.38 15.810 1968.80
15.910 1968.53 16.000 1962.67 16.100 1962.67
16.200 1962.40 16.300 1953.89 16.400 1948.03
16.510 1947.77 16.610 1944.84 16.710 1947.24
16.810 1944.31 16.900 1941.38 17.000 1935.79
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17.200 1935.26 17.410 1923.82 17.600 1917.70
17.810 1909.19 18.010 1903.06 18.200 1897.21
18.290 1894.28 18.400 1891.09 18.500 1885.50
18.600 1887.90 18.700 1887.63 18.810 1882.05
18.900 1879.12 19.000 1881.51 19.100 1875.67
19.200 1872.74 19.310 1867.15 19.400 1864.22
19.510 1861.03 19.610 1860.76 19.700 1860.49
19.810 1860.23 19.910 1854.64 20.000 1849.05
20.200 1842.93 20.410 1839.74 20.600 1833.88
20.900 1830.16 21.200 1824.04 21.490 1817.92
21.800 1814.47 22.100 1808.07 22.410 1801.96
22.690 1798.50 23.010 1786.79 23.310 1783.33
23.610 1776.95 23.910 1767.90 24.200 1767.36
24.490 1758.32 24.800 1752.19 25.090 1748.74
25.410 1742.35 25.700 1736.23 26.000 1729.84
26.290 1729.31 26.600 1720.26 27.000 1710.95
27.400 1704.57 27.900 1697.92 28.400 1688.33
28.890 1678.75 29.490 1663.59 30.090 1654.01
30.590 1641.77 31.190 1637.51 31.900 1624.74
32.500 1617.82 33.100 1607.97 34.000 1597.60
34.700 1587.75 35.500 1574.71 36.290 1567.26
37.000 1557.15 37.700 1549.97 38.300 1543.05
38.800 1539.06 39.400 1531.87 39.800 1525.49
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Flow cham ber Pore W ater V e l.= 0 .5 0  m /d a y
T im e  (m in.) E C T im e (m in.) E C T im e (m in .) E C
3.010 2696.28 3.100 2694.15 3.210 2694.95
3.320 2684.57 3.420 2679.77 3.510 _ 2672.33
3.620 2659.30 3.720 2654.78 3.820 2649.99
3.920 2645.20 3.990 2618.32 4.050 2624.16
4.100 2630.03 4.140 2608.47 4.180 .. 2589.57
4.240 2603.69.. 4.310 2604.22 4.390 _ 2599.16
4.420 2593.84 4.430 2583.18 4.490 2583.45
4.620 2554.46 4.710 2568.55 4.810 2566.69
4.920 2542.75 5.020 2554.46 5.120 2549.66
5.220 2523.06 5.310 2479.95 5.420 2516.14
5.520 .. 2516.93 5.700 2493.53 5.820 2496.97
5.920 . 2503.36 6.010 2503.89 6.110 2496.44
6.210 2483.40 6.300 2465.05 6.410 2452.02
6.510 2460.79 6.610 2439.77 6.720 2456.80
6.810 2449.35 6.900 2441.63 7.010 2420.62
7.120 2418.75 7.210 2375.65 7.320 . 2390.00
7.420 2387.88 7.520 2396.93 7.620 2397.47
7.720 2390.00 7.830 2385.22 7.930 2323.23
8.030 2332.00 8.110 2338.12 8.220 2352.49
8.330 2304.06 8.410 2345.57 8.520 2354.62
8.620 2349.83 8.720 2312.32 8.810 2318.44
8.910 2310.71 9.020 2295.28 9.120 2301.41
9.230 2296.61 9.320 2294.49 9.420 2278.79
9.530 2282.25 9.620 2277.46 9.730 2270.01
9.830 2265.22 9.930 2260.42 10.020 2239.10
10.120 2248.19 10.230 2246.06 10.330 2238.61
10.420 2239.13 10.540 2237.27 10.620 2215.99
10.730 2205.88.. 10.830 2211.99 10.930 2209.87
11.020 2208.00 11.120 2208.54 11.220 2190.18
11.320 2182.73 11.430 2177.93 11.530 2175.81
11.620 2176.34. 11.730 2177.14 11.830 2177.93
11.920 2173.15 12.030 2168.36 12.130 2160.91
12.240 2158.78 12.330 2159.57 12.440 2152.13
12.520 2152.66 12.630 2147.87 12.720 2145.74
12.820 2140,95.. 12.930 2122.59 13.020 2117.80
13.130 2110.36 13.220 2110.88 13.330 2109.02
13.430 2106.89 13.530 2080.29 13.630 2083.75
13.730 2065.38 13.830 2071.50 13.940 2077.63
14.030 2078.42 14.140 2078.96 14.230 2074.17
14.330 2061.13. 14.420 2053.67 14.530 2046.23
14.620 2030.52 14.720 2028.39 14.820 2020.95
14.930 2002.59 15.030 1997.80 15.130 1993.01.
15.220 1990.87 15.310 1991.68 15.430 1992.47
15.530 1998.59 15.630 1990.87 15.740 1980.77
15.820 1975.98 16.020 1971.72 16.120 1972.51
16.230 1973.31- 16.340 1971.18 . ..... 16,430.... . 196.9,06
16.530 1967.20 16.630 1962.40 16.740 1962.94
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16.920 1958.95 17.030 1956.82 17.130 1941.12
17.220 1936.33 17.320 1937.13 17.420 1935.00
17.520 1932.87 17.630 1933.67 17.720 1928.88
17.830 1926.75 17.910 1924.62 18.000 1922.49
18.120 1923.29 18.220 1915.84 18.320 1902.80
18.420 1898.01 18.510 1898.81 18.630 1896.95
18.720 1897.48 18.810 1895.36 18.920 1890.56
19.010 1888.44 19.110 1891.89 19.220 1887.10
19.320 1882.32 19.420 1880.45 19.520 1870.07
19.610 1865.28 19.710 1855.17 19.810 1853.05
19.910 1850.92 20.020 1851.71 20.110 1852.25
20.210 1847.46 20.320 1845.59 20.410 1840.80
20.500 1836.01 20.610 1836.54 20.700 1837.35
20.810 1832.56 20.900 1830.42 21.010 1833.88
21.110 1831.76 21.200 1832.56 21.310 1825.11
21.420 1822.97 21.510 1820.84 21.620 1821.64
21.720 1822.44 21.800 1817.39 21.890 1818.18
22.000 1807.81 22.100 1808.61 22.210 1803.82
22.320 1801.96 22.410 1802.49 22.500 1792.11
22.600 1790.25 22.710 1788.11 22.810 1785.99
22.900 1784.13 23.000 1782.00 23.110 1782.80
23.200 1780.67 23.310 1778.54 23.400 1771.09
23.500 1763.64 23.610 1764.17 23.710 1759.38
23.800 1757.52 23.910 1755.39 24.020 1753.53
24.110 1748.47 24.210 1746.61 24.310 1747.14
24.410 1739.69 24.510 1740.49 24.610 1735.70
24.710 1730.91 24.800 1726.12 24.900 1726.65
25.010 1719.20 25.110 1725.32 25.210 1720.53
25.300 1721.33 25.410 1719.20 25.510 1714.41
25.610 1715.21 25.700 1715.74 25.800 1716.54
25.910 1714.41 26.000 1709.62 26.100 1710.42
26.210 1705.63 26.300 1706.16 26.400 1704.30
26.510 1702.17 26.600 1700.05 26.700 1700.84
26.800 1696.05 26.900 1693.92 27.000 1691.80
27.110 1692.59 27.210 1687.80 27.320 1685.94
27.410 1686.47 27.500 1684.35 27.620 1687.80
27.720 1683.02 27.810 1686.47 27.900 1684.35
28.100 1680.35 28.310 1673.43 28.510 1669.44
28.710 1662.53 28.910 1663.85 29.110 1659.87
29.320 1655.88 29.510 1654.27 29.710 1650.28
29.920 1643.37 30.110 1642.04 30.410 1638.58
30.710 1632.45 31.010 1631.93 31.410 1626.34
31.720 1625.80 32.200 1612.76 32.500 1611.97
32.910 1598.40 33.510 1588.82 33.910 1586.15
34.410 1578.44 34.810 1567.53 35.200 1562.21
35.610 1556.62 36.000 1548.37 36.400 1548.37
36.790 1537.46 37.200 1526.55 37.710 1519.10
38.010 1515.64 38.500 1510.86 39.000 1503.40
39.500 1495.96 39.910 1487.70 40.420 1480.25
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Flow cham ber Pore W ater V e l.= 0 .9 8  m /d a y
T im e (m in.) E C T im e (m in .) E C T im e (m in .) E C
3.000 2412.63 3.100 2416.09 3.180 2411.03
3.300 2403.84 3.400 2393.47 3.500 2383.36
3.610 2372.90 3.710 2354.63 3.810 2341.84
3.910 2334.13 4.000 2329.35 4.110 2324.56
4.200 2317.10 4.300 2298.74 4.420 2244.99
4.510 2270.01 4.610 2268.14 4.710 2263.35
4.810 2266.80 4.910 2261.76 5.020 2235.42
5.110 2222.38 5.210 2220.24 5.320 2210.13
5.410 2197.10 5.510 2197.89 5.610 2184.85
5.710 2180.07 5.820 2177.94 5.910 2165.17
6.010 2171.28 6.110 2166.50 6.210 2153.46
6.310 2146.00 6.420 2143.88 6.520 2131.10
6.620 2126.32 6.720 2121.52 6.810 2116.73
6.920 2111.94 7.010 2112.48 7.110 2055.80
7.210 2075.76 7.310 2078.96 7.410 2077.09
7.510 2077.62 7.610 2056.60 7.710 2046.23
7.810 2044.36 7.910 2036.92 8.010 2037.44
8.110 2030.00 8.210 2019.61 8.320 2015.10
8.520 2010.83 8.620 1992.47 8.720 1995.93
8.820 1996.46 8.910 1975.44 9.010 1943.24
9.120 1900.41 9.220 1931.00 9.310 1945.38
9.420 1954.43 9.510 1944.04 9.610 1909.19
9.720 1899.08 9.810 1905.19 9.920 1919.57
10.020 1914.77 10.110 1869.01 10.220 1864.22
10.320 1867.68 10.420 1873.79 10.520 1879.92
10.620 1883.37 10.720 1875.93 10.820 1862.89
10.910 1863.43 11.020 1864.22 11.120 1856.77
11.210 1821.91 11.310 1828.03 11.410 1825.91
11.520 1785.72 11.620 1797.43 11.720 1811.80
11.810 1812.33 11.920 1810.47 12.020 1805.68
12.120 1800.89 12.220 1787.86 12.330 1783.06
12.420 1778.27 12.510 1776.14 12.610 1768.69
12.720 1750.33 12.810 1761.78 12.910 1762.57
13.020 1763.37 13.130 1763.91 13.210 1761.78
13.320 1759.91 13.410 1757.78 13.510 1750.33
13.610 1723.73 13.710 1729.84 13.820 1725.05
13.910 1722.93 14.010 1710.15 14.120 1713.34
14.210 1714.14 14.310 1714.67 14.400 1715.48
14.510 1702.44 14.610 1689.40 14.710 1695.78
14.810 1693.66 14.900 1696.85 15.010 1692.33
15.110 1687.53 15.200 1682.75 15.300 1677.96
15.410 1675.83 15.510 1673.70 15.610 1669.17
15.700 1661.46 15.800 1654.01 15.910 1657.47
16.010 1650.02 16.110 1653.47 16.220 1648.69
16.310 1643.90 16.400 1641.77 16.500 1636.98
16.600 1634.85 16.700 1632.72 16.810 1628.20
16.910 1626.07 17.000 1626.60 17.100 1616.49
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17.200 1617.02 17.300 1615.16 17.400 1615.70
17.500 1613.83 17.610 1609.04 17.700 1604.25
17.800 1602.12 17.910 1594.67 18.100 1582.43
18.210 1577.64 18.300 1578.17 18.400 1578.97
18.510 1582.43 18.600 1580.30 18.700 1572.85
18.810 1570.73 18.900 1571.52 19.010 1564.07
19.110 1561.94 19.210 1559.81 19.300 1560.61
19.400 1561.14 19.500 1548.11 19.610 1548.91
19.710 1546.78 19.810 1547.57 19.900 1551.03
20.000 1538.00 20.210 1534.01 20.410 1529.74
20.610 1525.76 20.810 1521.49 21.000 1511.92
21.190 1510.59 21.410 1503.93 21.600 1502.33
21.800 1495.68 22.000 1491.43 22.210 1490.10
22.410 1483.45 22.600 1479.19 22.800 1472.54
23.000 1468.28 23.210 1464.29 23.400 1460.03
23.600 1453.38 23.810 1446.46 24.010 1445.13
24.210 1443.80 24.400 1434.22 24.600 1435.55
24.810 1431.56 25.010 1424.64 25.210 1423.31
25.410 1416.39 25.600 1412.40 25.810 1408.14
26.010 1401.49 26.200 1402.82 26.500 1394.04
26.800 1393.24 27.100 1392.44 27.420 1381.00
27.800 1375.41 28.210 1361.84 28.490 1363.70
28.790 1357.59 29.190 1352.26 29.580 . 1346.68
30.010 1338.70 30.490 1325.65 30.900 1317.41
31.390 1307.03 31.890 1307.83 32.290 1307.83
32.890 1298.25 33.390 1287.87 33.890 1283.08
34.290 1280.42 34.890 1276.43 35.290 1270.84
35.690 1257.27 36.110 1257.27 36.500 1251.95
36.890 1249.02 , J1L29Q 1243.43 37.700 1238.11
38.090 1229.86 38.600 1227.73 39.010 1225.34
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Flow cham ber Pore W ater V e l.= 1 .9 6  m /d a y
T im e (m in.) E C T im e (m in.) E C T im e (m in.) E C
2.950 1765.50 3.110 1765.76 3.210 1764.44
3.310 1762.84 3.420 1745.01 3.520 1740.76
. 3.620 1739.42 3.710 1735.17 3.820 1730.91
3.910 1726.92 4.040 1725.06 4.220 1716.81
4.420 1711.22 4.600 1694.98 4.810 1686.47
4.910 1693.12 5.110 1679.29 5.220 . 1680.61
5.410 1661.46 5.580 1667.04 5.700 1662.52
5.770 1653.21 5.850 1625.01 6.010 1630.86
6.080 1618.88 6.400 1611.44 6.530 1598.66
6.660 1607.71 6.850 1594.14 7.020 1580.57
7.200 1572.58 7.310 1578.97 7.460 1582.43
7.630 1568.86 7.780 1566.74 8.010 1566.20
8.220 1560.35 8.410 1552.10 8.620 1524.43
8.710 1531.34 8.790 1516.44 8.930 1525.49
9.030 1526.55 9.140 1506.06 9.200 1521.50
9.300 1501.01 9.480 1506.59 9.620 1501.81
9.810 1490.90 10.010 1490.63 10.210 1487.70
10.410 1482.11 10.610 1479.19 10.820 1468.01
11.010 1448.85 11.070 1458.70 11.210 1448.59
11.410 1448.32 11.610 1442.73 11.820 1439.81
12.110 1432.62 12.300 1432.62. 12.600 1417.46
12.810 1408.94 13.100 1404.42 13.400 1400.16
13.720 1395.63 13.990 1388.98 14.320 1386.86
14.710 1378.34 15.110 1378.07 15.520 1366.63
15.800 1359.71 16.110 1360.52 16.520 1343.75
16.890 1332.84 17.310 1329.38 17.720 1331.78
18.210 1313.68 18.900 1303.57 18.210 1316.34
18.400 1313.68 18.700 1306.50 19.110 1297.98
19.490 1295.06 19.800 1290.53 20.210 1281.75
20.800 1273.24 21.500 1257.54 22.210 1249.82
23.000 1241.04 23.690 1222.68 24.200 1218.15
24.690 1213.63 25.310 1204.58 26.000 1200.06
26.710 1187.02 27.510 1177.98 28.200 1167.86
28.910 1163.07 29.500 1154.30 30.020 1149.50
30.610 1146.31 31.200 1137.80 31.600 1129.28.
32.220 1125.82 32.920 1115.44 33.810 1105.33.
34.610 1098.95 35.200 1090.43 35.910 1082.72
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Flow cham ber Pore W ater V e l.= 4 .1 3  m /d a y
T im e (m in.) E C T im e (m in .) E C T im e (m in .) E C
3.010 2324.82 3.110 2291.56 3.200 2305.13
3.310 2296.61 3.410 2290.77 3.500 2301.40
3.620 2295.55 3.710 2281.71 3.810 2256.96
3.900 2264.69 4.010 2248.19 4.110 2223.18
4.200 2184.86 4.310 2211.74 4.410 2219.71
4.500 2219.45 4.610 2191.77 4.710 2183.26
4.810 2169.42 4.910 2171.82 5.000 2174.21
5.110 2157.45 5.210 2157.19 5.320 2143.35
5.410 2145.74 5.510 2099.18 5.610 2106.90
5.720 2076.56 5.810 2049.16 5.910 ...2089.60
6.020 2059.26 6.120 2061.92 6.220 2064.31
6.310 2042.23 6.420 2039.04 6.500 2036.11
6.610 2016.68 6.720 2027.33 6.810 2018.82
6.910 2004.98 7.010 . 2007.38 7.110 1987.95
7.220 1987.68 7.320 1976.51 7.420 1970.65
7.510 1964.80 7.630 1967.19 7.700 1961.61
7.810 1953.09 7.910 1944.58 8.020 1922.49
8.120 1924.88 8.220 1919.30 8.310 1916.11
8.410 1913.18 8.510 1912.91 8.610 1909.72
8.720 1890.30 8.800 1895.62 8.920 1881.52
9.010 1881.25 9.110 1875.66 9.220 1861.56
9.310 1864.22 9.410 1852.78 9.520 1844.53
9.610 1838.68 9.710 1830.16 9.820 1829.90
9.910 1829.63 10.010 1812.86 10.120 1812.60
10.210 1806.74 10.300 1798.50 10.400 1798.23
10.500 1789.72 10.590 1781.19 10.710 1778.00
10.810 1769.76 10.910 1761.24 11.010 1755.39
11.110 1755.12 11.210 1752.19 11.300 1743.69
11.400 1735.16 11.510 1734.90 11.600 1726.38
11.700 1723.46 11.810 1717.60 11.910 1714.41
12.000 1708.82 12.120 1702.97 12.210 1702.70
12.310 1694.19 12.510 1688.07 12.600 1682.48
12.710 1673.96 12.810 1673.70 12.920 1665.18
13.000 1662.26 13.110 1656.41 13.210 1647.89
13.310 1647.62 13.410 1641.77 13.510 1641.50
13.620 1638.58 13.710 1635.38 13.820 1624.21
13.920 1618.62 14.020 1618.35 14.110 1607.17
14.210 1603.98 14.320 1601.05 14.420 1597.86
14.520 1586.69 14.610 1583.76 14.720 1580.57
14.820 1583.23 14.910 1577.37 15.020 1574.45
15.110 1574.18 15.210 1565.67 15.310 1559.81
15.420 1559.55 15.510 1553.69 15.620 1545.18
15.700 1544.91 15.800 1544.64 15.910 1533.47
16.020 1530.55 16.120 1527.35 16.210 1521.77
16.310 1515.91 16.400 1512.98 16.510 1507.13
16.610 1504.20 16.710 1503.94 16.820 1495.42
16.910 1495.16 17.010 1489.30 17.110 1489.04
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17.210 1488.77 17.310 1480.25 17.420 1482.65
17.510 1471.47 17.600 1473.86 17.720 1470.67
17.810 1462.43 17.910 1462.16 18.020 1461.63
18.120 1458.70 18.220 1455.78 18.310 1449.92
18.420 1444.06 18.610 1440.87 18.810 1429.43
19.030 1428.63 19.210 1420.11 19.410 1414.00
19.700 1404.95 19.920 1393.24 20.220 1386.86
20.520 1375.15 20.810 1366.10 21.130 1359.72
21.410 1353.33 21.620 1350.13 21.810 1338.43
22.110 1332.31 22.410 1325.92 22.710 1311.29
23.010 1307.83 23.310 1295.85 23.620 1292.13
23.910 1283.08 24.320 1279.36 24.610 1278.29
24.920 1260.99 25.320 1254.35 25.820 1239.17
26.310 1232.26 26.710 1222.94 27.120 1213.63
27.510 1212.30 27.910 1202.99 28.410 1196.07
28.810 1181.17 29.230 1177.18 29.620 1162.54
29.910 1161.48 30.220 1155.09 30.610 1148.71
31.120 1138.86 31.610 1131.94 32.110 1122.36
32.520 1121.03 32.900 1111.72 33.310 1105.07
33.820 1095.22 34.220 1096.82 34.620 1087.51
35.020 1080.85 35.510 1073.93 36.020 1067.02
36.610 1059.57 37.110 1055.58 37.610 1048.39
38.110 1044.13 38.800 1036.68 39.400 1029.50
39.910 1027.90 40.400 1023.64 40.900 1019.65
41.300 1015.66 41.900 1008.48 42.390 1004.22
42.900 999.96 43.500 995.44 44.100 988.26
44.720 986.39 45.300 978.94 45.810 974.68
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Flow cham ber Pore W ater V e l.= 6 .1 5  m /d a y
T im e  (m in.) E C T im e (m in.) E C T im e (m in .) E C
3.010 2315.51 3.120 2305.93 3.220 2290.49
3.310 2277.99 3.430 2271.06 3.520 2258.30
3.610 2242.86 3.720 2235.95 3.810 2217.85
3.910 2213.33 4.010 2195.50 4.120 2188.32
4.220 2173.15 4.320 2163.30 4.420 2158.79
4.530 2146.27 4.620 2133.76 4.730 2126.58
4.820 2114.08 4.920 2104.24 5.010 2094.38
5.120 2081.88 5.210 2077.36 5.330 2056.87
5.430 2052.34 5.520 2036.91 5.620 2032.65
5.720 2017.48 5.820 2010.30 5.910 2000.19
6.020 1990.61 6.120 1969.86 6.220 1965.59
6.310 1955.49 6.420 1945.64 6.510 1935.80
6.620 1926.22 6.710 1919.03 6.820 1914.51
6.920 1902.00 7.020 1897.75 7.100 1887.64
7.220 1872.16 7.310 1870.87 7.420 1861.03
7.530 1848.52 7.610 1841.34 7.710 1834.16
7.820 1821.65 7.900 1806.21 8.010 1799.29
8.100 1794.78 8.210 1784.92 8.300 1780.66
8.410 1770.82 8.510 1769.23 8.600 1761.78
8.710 1752.20 8.800 1747.67 8.910 1738.10
9.010 1728.24 9.100 1723.73 9.200 1711.22
9.300 1709.36 9.400 1702.43 9.500 1689.66
9.600 1688.07 9.700 1680.88 9.800 1668.38
9.900 1658.80 9.990 1651.35 10.100 1650.02
10.210 1642.83 10.300 1635.65 10.410 1628.73
10.500 1624.21 10.600 1617.03 10.700 1618.09
10.800 1605.58 10.900 1595.73 11.010 1591.48
11.100 1584.29 11.200 1580.04 11.300 1572.85
11.400 1565.66 11.490 1561.15 11.600 1559.55
11.700 1549.70 11.790 1539.85 11.890 1538.26
12.000 1531.07 12.100 1524.16 12.190 1516.98
12.290 1515.38 12.400 1499.94 12.490 1492.76
12.590 1491.16 12.700 1486.91 12.800 1479.72
12.900 1478.13 12.990 1468.28 13.100 1464.02
13.190 1459.50 13.300 1457.90 13.400 1453.64
13.500 1446.46 13.590 1441.94 13.690 1437.41
13.790 1433.15 13.890 1423.31 14.010 1419.05
14.100 1417.46 14.200 1410.27 14.300 1405.75
14.410 1398.83 14.500 1397.24 14.600 1395.37
14.690 1391.11 14.800 1381.27 14.890 1379.67
15.000 1375.15 15.100 1368.23 15.210 1361.04
15.300 1359.45 15.390 1360.25 15.510 1350.67
15.600 1348.81 15.700 1347.21 15.800 1342.95
15.890 1338.43 16.000 1328.85 16.200 1322.73
16.400 1316.61 16.600 1305.17 16.800 1296.38
16.990 1292.93 17.200 1281.75 17.400 1272.71
17.610 1264.19 17.800 1263.66 18.000 1254.88
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18.190 1254.08 18.410 1239.98 18.610 1236.78
18.810 1230.66 19.010 1216.56 19.200 1213.10
19.400 1212.57 19.610 1201.13 19.810 1197.93
20.010 1191.81 ... 20.210 1185.69 20.410 1182.50
20.610 1179.04 20.820 1173.19 21.010 1164.41
21.210 1161.21 21.410 1157.75 21.720 1150.30
22.000 1147.91 22.310 1140.19 22.610 1129.82
23.000 1120.23 23.400 1110.92 23.710 1106.13
24.010 1101.34 24.310 1098.95 24.610 1091.23
24.900 1083.51 25.210 1078.72 25.600 1069.15
25.900 1069.68 26.300 1063.03 26.610 1055.58
26.910 1050.52 27.310 1043.87 27.710 1037.48
28.000 1037.75 28.300 1024.71 28.710 1020.72
29.100 1019.65 29.410 1011.94 29.820 1010.87
30.220 1001.56 30.610 994.91 31.030 988.52
31.520 982.93 31.900 976.02 32.320 969.63
32.720 968.56 33.110 964.57 33.500 963.24
34.000 957.66 34.510 952.33 35.010 952.07
35.410 945.68 35.700 940.62 36.000 940.89
A P P E N D I X  III
D igital D a ta -F irs t V aried-K r  E xperim en ts
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Flow cham ber Pore W ater V e l.= 3 .7 2  m /d a y , K r= 0 .6 1
T im e (m in.) E C T im e (m in .) E C T im e (m in.) EC
3 .non 2411.56 3.110 2382.82 3.200 2356.49
3.300 2333.33 3.410 2307.26 3.500 2281.18
3.610 2252.71 3.720 2231.96 3.810 2203.22
3.910 2182.46 4.010 2161.97 4.110 2144.14
4.220 2120.73 4.310 2102.91 4.410 2082.42
4.520 2058.99 4.620 2043.83 4.710 2023.34
4.820 2002.86 4.920 1987.69 5.010 1969.59
5.110 1954.43 5.210 1936.59 5.310 1921.42
5.430 1898.28 5.520 1885.77 5.610 1867.94
5.710 1855.44 5.810 1843.20 5.920 1825.37
6.010 1807.28 6.110 1800.36 6.210 1785.45
6.310 1770.02 6.410 1757.78 6.510 1747.94
6.610 1732.77 6.720 1723.19 6.810 1713.62
6.910 1695.79 7.010 1685.94 7.100 1668.11
7.200 1663.86 7.300 1651.35 7.400 1636.18
7.490 1629.26 7.600 1619.68 7.700 1607.18
7.son 1594.94 7.910 1585.35 8.000 1578.18
8.110 1563.01 8.200 1556.09 8.300 1551.83
8.410 1539.59 8.500 1532.67 8.610 1522.83
8.700 1518.57 8.790 1511.65 8.900 1499.15
8.990 1486.64 9.110 1479.99 9.190 1472.80
9.300 1463.23 9.400 1453.64 9.500 1446.73
9.600 1436.88 9.690 1432.63 9.790 1423.04
9.900 1418.79 10.000 1414.53 10.100 1407.61
10.200 1398.03 10.300 1391.12 10.410 1384.20
10.510 1382.60 10.600 1375.68 10.700 1366.10
10.790 1358.92 10.890 1352.00 10.990 1347.74
11.100 1343.49 11.190 1336.56 11.290 1335.24
11.390 1330.98 11.490 1323.79 11.590 1322.46
11.690 1318.20 11.780 1311.28 11.890 1304.37
11.990 1297.45 12.100 1290.53 12.190 1288.93.
12.280 1284.68 12.380 1280.42 12.490 1278.82
12.600 1272.17 12.700 1267.91 12.790 1260.73
12.900 1259.40 12.990 1252.48 13.090 1250.88
13.180 1249.29 13.280 1242.37 13.400 1238.38
13.490 1236.78 13.590 1232.52 13.680 1230.93
13.800 1221.62 13.890 1220.02 14.000 1215.76
14.ion 1208.84 14.200 1209.91 14.300 1203.25
14.390 1201.66 14.500 1194.74 14.600 1193.14
14.700 1188.89 14.800 1184.63 14.890 1183.03
14.990 1181.70 15.100 1174.78 15.200 1176.11
15.290 1171.86 15.390 1167.33 15.500 1166.27
15.600 1162.01 15.690 1160.15 15.790 1153.23
15.900 1154.56 15.990 1150.30 16.100 1143.38
16.190 1144.71 16.290 1140.46 16.400 1141.79.
16.490 1140.19 16.590 1130.61 16.690 1131.68_
16.800 1127.69 16.890 1126.09 17.000 1124.76
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17.100 1123.16 17.200 1116.24 17.290 1111.98
17.400 1110.66 17.500 1109.06 17.590 1112.78
17.700 1108.79 17.800 1101.87 17.910 1094.96
18.000 1098.95 18.100 1100.01 18.200 1098.68
18.300 1099.75 18.410 1093.09 18.500 1091.50
18.600 1092.56 18.700 1088.30 18.790 1089.37
18.890 1085.38 19.010 1084.05 19.110 1082.45
19.210 1083.78 19.310 1079.52 19.400 1077.93
19.510 1076.60 19.610 1072.34 19.720 1071.01
19.810 1072.07 19.910 1067.82 20.000 1066.22
20.110 1064.89 20.200 1060.63 20.320 1059.30
20.400 1060.36 20.500 1058.77 20.610 1057.44
20.710 1056.11 20.810 1051.58 20.910 1052.91
21.010 1046.00 21.110 1047.33 21.210 1045.73
21.310 1041.47 21.410 1042.80 21.510 1041.21
21.610 1036.95 21.700 1038.28 21.810 1039.61
21.900 1038.01 22.000 1039.34 22.110 1037.75
22.200 1036.15 22.310 1034.82 22.400 1033.22
22.510 1028.97 22.600 1027.37 22.700 1028.70
22.800 1024.44 22.900 1025.77 23.010 1024.44
23.490 1019.39 23.990 1014.60 24.510 1010.07
25.000 999.96 25.490 997.83 26.110 991.71
26.500 985.59 27.020 986.66 27.510 984.53
27.910 981.34 28.500 977.61 28.990 972.82
29.500 970.96 30.000 966.17 30.390 962.98
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F lo w ch am b er P o re  W a te r  Vel. = 3 .7 2  mi/d a y , K r = 0 .7 9
T im e (m in.) E C T im e (m in.) E C T im e (m in .) EC
3.010 2140.42 3.100 2112.22 3.210 2092.25
3.300 2066.98 3.400 2044.37 3.510 2021.75
3.620 1999.39 3.710 1982.10 3.810 1964.80
3.010 1942.18 4.010 1925.15 4.110 1907.86
4.210 1887.90 4.310 1870.88 4.410 1853.84
4.510 1839.21 4.610 1824.84 4.710 1810.46
4.810 1795.83 4.910 1778.54 5.010 1764.17
5.110 1749.80 5.210 1732.77 5.320 1718.40
5.410 1706.43 5.520 1689.40 5.610 1677.69
5.720 1663.32 5.810 1654.28 5.920 1639.91
6.030 1628.20 6.120 1619.15 6.220 1610.11
6.320 1598.39 6.430 1584.29 6.510 1574.98
6.620 1565.93 6.720 1556.89 6.820 1542.52
6.920 1533.47 7.030 1519.37 7.110 1510.06
7.210 1503.67 7.310 1497.29 7.420 1485.84
7.510 1476.79 7.620 1467.75 7.710 1458.70
7.820 1446.99 7.910 1440.87 8.020 1429.16
8.120 1423.04 8.220 1413.73 8.320 1404.95
8.410 1401.22 8.530 1392.44 8.620 1380.47
8.710 1377.01 8.820 1370.89 8.920 1364.50
9.020 1355.46 9.110 1357.32 9.210 1353.86.
9.310 1344.81 9.420 1341.35 9.520 1332.31
9.610 1325.92 9.720 1319.80 9.810 1316.08
9.900 1309.69 10.010 1306.50 10.110 1300.11
10.220 1296.65 10.310 1290.26 10.400 1283.88
10.510 1280.42 10.600 1274.04 10.710 1270.58
10.810 1264.46 10.910 1258.07 11.010 1251.68
11.110 1248.22 11.210 1241.84 11.310 1241.30
11.410 1237.58 11.510 1231.46 11.600 1225.07
11.710 1221.62 11.810 1218.16 11.910 1214.43
12.010 1208.31 12.100 1204.59 12.210 1206.45
12.300 1197.40 12.410 1196.87 12.520 1193.41
12.610 1189.68 12.700 1185.96 12.810 1179.84
12.900 1178.77 13.000 1175.31 13.100 1171.86
13.200 1171.06 13.300 1164.94 13.410 1164.14
13.500 1157.49 13.590 1154.03 13.690 1152.96__
13.800 1149.77 13.900 1146.31 14.000 1142.59
14.100 1139.13 14.210 1138.33 14.300 1134.60
14.400 1134.07 14.500 1133.27. 14.610 1129.55.
14.700 1128.75 14.790 1122.36 14.890 1118.90
15.000 1118.11 15.090 1117.04 15.200 1110.92
15.300 1110.12 15.390 1109.06 15.500 1108.53
15.610 1105.33 15.700 1104.27 15.800 1103.47
15.900 1102.67 16.010 1099.21 16.100 1098,15
16.200 1097.35 16.300 1093.89 16.400 1090.43
16.500 1086.71 16.600 1083.25 16.710 1082.45-
16.780 1078.72 16.890 1077.93 17.000 1077.13
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17.100 1073.67 17.210 1073.14 17.300 1069.41
17.300 1071.01 17.500 1067.81 17.600 1067.02
17.700 1068.88 17.800 1065.42 17.900 1061.70
... 1S..D.00 1063.56 18.100 1060.10 18.190 1056.37
18.300 1052.91 18.400 1054.78 18.490 1051.32
18.580 1052.91 18.690 1049.72 18.790 1048.66
18.880 1050.52 19.000 1049.99 19.090 1046.26
19.210 1045.73 19.400 1043.87 19.600 1042.54
10.800 1046.26 20.000 1039.08 20.190 1037.22
20.420 1033.49 20.600 1031.36 20.800 1030.03
21.010 1028.43 21.210 1024.18 21.420 1022.58
21.600 1020.72 21.820 1022.05 22.020 1020.45
22.210 1013.27 22.410 1014.33 22.620 1010.07
22.810 1011.14 23.000 1003.95 23.210 1005.02
23.430 1006.35 23.620 1004.75 23.820 1002.89
24.010 1001.29 24.110 1000.49 24.300 998.63
24.500 994.37 24.710 995.44 24.900 993.84
25.110 995.17 25.300 993.04 25.500 994.11
25.710 992.78 25.910 985.86 26.110 984.26
.....  26,30.0 982.40 26.510 989.05 26.710 981.87
26.910 985.86 27.100 984.00 27.300 987.72
27.500 986.13 27.700 984.53 27.910 980.27
.... 23.10.0 981.34 28.300 976.81 28.520 978.14
. 23,.71,0 976.55 28.900 977.34 29.100 975.75
29.300 974.15 29.510 975.48 29.700 973.62
29.900 972.02 30.100 967.77 30.300 974.15
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Flow cham ber Pore W ater V e l.= 3 .7 2  m /d a y , K r= 2.44
T im e (m in.) E C T im e (m in .) E C T im e (m in.) E C
3.000 2453.61 3.100 2421.41 3.200 2394.80
3.290 2365.26 3.400 . 2333.33 3.490 2306.45
3.600 2282.78 3.700 _ 2258.83 3.790 2234.61
3.890 2205.35 3.990 .. 2178.74 4.090 2162.77
4.190 2139.08 4.300 2117.80 4.400 2093.85
4.500 2072.57 4.590 2051.28 4.700 2032.92
4.800 2011.63 4.900 1993.27 4.990 1980.24
5.090 1961.61 5.200 1937.66 5.290 1924.62
5.400 1906.26 5.510 1890.56 5.600 1877.52
5.700 1858.90 •5.800 1848.52 5.890 1832.82
6.010 1817.12 6.100 _ 1801.16 6.200 1785.46
6.300 1772.42 6.410 . 1754.06 6.500 1735.43
6.600 1725.05 7.700 1600.79 7.800 1590.41
7.890 1574.71 8.000 1572.58 8.100 1556.62
8.200 1551.83 8.300 . 1538.79 8.400 1528.42
8.500 1518.04 8.600 1513.25 8.700 1502.87
8.790 1495.42 8.890 1485.04 9.000 1477.59
9.100 1469.87 9.200 1462.16 9.290 1454.71
9.400 1446.99 9.500 1442.20 9.600 1431.82
9.700 1424.38 9.800 1416.66 9.910 1409.21
10.000 1401.49 10.100 1396.70 10.190 1391.64
10.300 1386.86 10.390 1379.41 10.500 1374.35
10.600 1372.22 10.690 1364.77 10.790 1359.71
10.900 1354.93 11.000 1347.48 11.100 1342.42
11.200 1332.31 11.300 1327.25 11.400 1322.46
11.490 1317.67 11.600 1309.96 11.690 1299.58
11.800 1294.79 11.900 1287.34 11.990 1282.28
12.110 1272.17 12.200 1267.12 12.300 1264.99
12.390 1260.20 12.490 1255.14 12.600 1250.35
12.700 1248.22 12.800 1248.75 12.900 1243.96
13.010 1239.18 13.100 1234.12 13.220 1229.60
13.300 1224.54 13.400 1219.49 13.500 1220.28
13.610 1209.91 13.700 1205.12 13.790 1202.72
13.900 1197.93 14.000 1195.80 14.110 1196.60
14.220 1191.55 14.300 1186.76 14.390 1184.63
14.510 1182.50 14.600 1177.44 14.700 1175.32
14.800 1170.52 14.900 1168.40 15.000 1163.61
15.100 1164.14 15.210 1162.01 15.300 1157,22._
15.410 1155.09 15.510 1150.04 15.600 1147.91
15.710 1145.78 15.810 1146.31 15.910 1147.11
16.010 1142.05 16.100 1139.93 16.200 1137.80
16.310 1133.01 16.420 1130.88 16.510 1131.41
16.610 1123.69 16.720 1124.49 16.810 1125.02
16.920 1120.23 17.010 1120.77 17.110 1115.71
17.220 1116.51 17.310 1111.45 17.410 1111.99
17.510 1109.86 17.610 1107.73 17.710 1105.60__
17.820 1103.47 17.910 1101.34 18.010 1099.21
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18.120 1102.67 18.210 1097.62 18.320 1095.49
18.420 1096.29 18.510 1096.82 18.610 1091.76
18.720 1089.63 18.810 1087.51 18.920 1088.31
19.020 1083.25 19.110 1081.12 19.220 1078.99
19.330 1079.79 19.430 1077.66 19.520 1077.93
19.610 1073.14 19.720 1071.01 19.810 1068.88
19.910 1066.75 20.010 1069.94 20.110 1067.82
20.210 1063.03 20.320 1063.56 20.430 ... 1064.36
20.520 1061.96 20.620 1062.76 20.710 1063.29
20.820 1058.24 20.920 1059.03 21.010 1056.64
21.110 1054.51 21.210 1052.38 21.310 1052.91
21.410 1053.71 21.510 1054.25 21.610 1052.12
21.720 1049.99 21.820 1047.86 21.920 1048.39
22.020 1043.60 22.110 1046.79 22.210 1042.01
22.310 1042.54 22.410 1040.41 22.510. 1038.28
22.610 1038.81 22.710 1036.68 22.810 1034.55
22.920 1035.09 23.020 1035.62 23.120 1033.49
23.210 1031.36 23.320 1029.23 23.420 1027.10
23.520 1027.64 23.610 1025.51 23.720 1026.04
23.810 1023.91 23.910 1024.44 24.020 1022.58
24.110 1020.18 24.210 1020.72 24.320 1021.52
24.410 1022.05 24.520 1022.58 24.610 1020.45
24.720 1018.32 24.820 1016.19 24.910 1014.07
25.020 1014.60 25.120 1012.47 25.210 1010.34
25.310 1008.21 25.420 1008.74 25.510 1009.27
25.620 1009.81 25.710 1010.61 25.820 1011.14
25.920 1009.01 26.010 1006.88 26.120 1004.75
26.220 1002.62 26.320 1000.49 26.420 998.37
26.520 998.90 26.630 996.77 26.720 994.64
26.820 997.83 26.920 995.70 27.020 993.58.
27.120 996.77 27.220 991.98 27.320 992.51
27.430 993.31 27.520 990.92 27.620 994.37
27.720 992.25 27.820 992.78 27.920 998.90
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Flow cham ber Pore W ater V e l.= 3 .7 2  m /d a y , K r= 5 .8 9
T im e (m in.) E C T im e (m in.) E C T im e  (m in.) E C
3.010 2830.65 3.110 2805.11 3.210 2779.57
3.320 2754.02 3.410 2720.23 3.520 2691.76
3.610 2666.21 3.720 2645.99 3.820 2620.45
3.920 2594.90 4.010 2574.95 4.110 2552.06
4.220 2529.18 4.310 2509.21 4.420 2483.41
4.520 2463.46 4.620 2443.23 4.710 2423.28
4.820 2403.05 4.920 2380.17 5.010 . 2360.21
5.110 2339.99 5.210 2319.76 5.310 2302.47
5.420 2284.90 5.520 2267.61 5.610 2255.90
5.710 2238.35 5.810 2221.05 5.920 2206.41
6.020 2194.43 6.120 2179.54 6.210 2165.17
6.310 2150.26 6.420 2132.97 6.520 2115.67
6.610 2103.70 6.710 2086.40 6.810 2071.50
6.920 2059.53 7.020 2044.89 7.110 2033.19
7.220 2018.28 7.330 2003.65 7.420 1994.60
7.520 1979.97 7.610 1970.65 7.720 1958.68
7.820 1949.63 7.920 1937.66 8.010 1925.69
8.130 1913.71 8.220 1901.74 8.320 1892.42
8.410 1880.71 8.510 1871.67 8.610 1859.69
8.720 1847.45 8.830 1838.40 8.910 1829.09
9.020 1820.05 9.120 1808.07 9.220 1804.35
9.310 1792.38 9.420 1785.99 9.520 1779.34
9.620 1767.36 9.720 1760.98 9.820 1749.00
9.920 1739.95 10.010 1733.30 10.120 1724.26
10.210 1717.87 10.320 1711.22 10.410 1702.17
10.510 1695.52 10.610 1686.47 10.730 1682.48
10.810 1673.43 10.910 1667.05 11.010 1663.05
11.110 1656.67 11.230 1644.70 11.320 1638.04
11.420 1631.65 11.520 1625.27 11.620 1618.88
11.720 1606.91 11.820 1603.18 11.930 1599.20
12.020 1592.81 12.110 1583.76 12.210 1580.04
12.320 1576.31 12.410 1567.00 12.510 1563.27
12.610 1554.23 12.700 1547.57 12.810 1543.85
12.920 1542.78 13.020 1533.47 13.120 1527.09
13.200 1523.63 13.310 1516.98 13.410 1510.58
13.520 1503.94 13.620 1502.87 13.720 1493.56
13.810 1490.10 13.920 1486.11 14.010 1479.72
14.120 1473.33 14.210 1469.61 14.300 1465.89
14.410 1462.16 14.530 1455.50 14.610 1449.12
14.700 1445.39 14.810 1441.67 14.910 1437.94
15.020 1428.63 15.120 1430.23 15.220 1420.92
15.320 1417.19 15.420 1413.46 15.530 1407.08
15.610 1400.69 15.730 1399.36 15.820 1392.98
15.910 1389.25 16.020 1385.53 16.120 1376.21
16.210 1372.75 16.330 1371.42 16.440 1367.70
16.530 1363.97 16.630 1357.59 16.720 1353.86
16.820 1347.47 16.920 1343.75 17.020 1342.68
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17.110 1336.30 17.220 1337.90 17.320 1331.51
17.400 1325.12 17.510 1324.06 17.610 1320.33
17.710 1313.68 17.800 1310.22 17.910 1308.89
18.010 1305.16 18.110 1304.10 18.210 1300.38
18.300 1296.65 18.410 1290.27 18.510 1289.20
18.600 1285.48 18.710 1281.75 18.800 1275.36
18.900 1276.96 19.000 1267.65 19.200 1268.44
19.300 1259.40 19.390 1260.99 19.500 1254.61
19.600 1253.54 19.710 1249.55 19.810 1245.83
19.900 1245.03 20.010 1238.38 20.090 1240.24
20.200 1236.52 20.300 1229.86 20.410 1228.80
20.500 1228.00 20.600 1224.01 20.690 1223.21
20.800 1219.49 20.920 1218.16 21.010 1214.70
21.200 1212.57 21.400 1205.12 21.590 1200.33
21.800 1189.95 22.000 1190.75 22.200 1185.96
22.400 1178.51 22.590 1171.06 22.790 1171.86
23.000 1164.14 23.190 1162.28 23.390 1160.15
23.590 1150.04 23.810 1147.64 24.010 1142.85
24.200 1138.33 24.410 1130.61 24.620 1131.14
24.810 1123.69 25.010 1119.17 25.200 1119.97
25.400 1117.84 25.600 1110.39 25.800 1105.60
26.010 1100.54 26.210 1104.00 26.400 1099.48
26.610 1094.42 26.810 1089.63 27.010 1087.77
27.210 1085.64 27.410 1078.19 27.600 1078.99
27.810 1076.86 28.000 1074.73 28.210 1072.60
28.420 1067.82 28.620 1063.02 28.810 1058.50
29.020 1061.69 29.310 1061.43 29.620 1052.91
29.910 1052.65 30.220 1046.79 30.610 1045.46
30.930 1042.27 31.230 1039.08 31.530 1035.88
31.830 1032.96 32.120 1027.37 32.410 1027.10
32.730 1020.98 33.100 1019.92 33.430 1016.73
33.810 1020.98 34.170 1014.60 34.520 1008.21
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Flow cham ber Pore W ater V e l.= 3 .7 2  m /d a y , K r= 8 .9 4
T im e (m in.) E C T im e (m in.) E C T im e (m in.) EC
3.010 2037.71 3.110 2009.77 3.210 1981.83
3.310 1956.55 3.400 1934.20 3.500 1908.92
3.610 1880.98 3.700 1850.38 3.810 1830.69
3.910 1808.34 4.020 1783.06 4.110 1763.38
4.210 1743.68 4.310 1721.06 4.420 1706.70
4.520 1684.34 4.610 1667.31 4.720 1652.94
4.810 1638.84 4.920 1618.88 5.010 1602.12
5.110 1587.75 5.220 1573.39 5.320 1556.36
5.410 1547.57 5.510 1530.55 5.620 1519.10
5.720 1507.40 5.820 1495.95 5.920 1481.58
6.020 1470.14 6.120 1455.77 6.220 1446.99
6.320 1435.55 6.420 1423.84 6.510 1415.06
6.620 1406.28 6.720 1397.23 6.820 1388.45
6.910 1377.01 7.020 1365.30 7.120 1356.52
7.210 1347.74 7.310 1341.62 7.420 1335.50
7.520 1326.72 7.620 1317.94 7.720 1314.48
7.810 1308.36 7.920 1299.58 8.010 1287.87
8.110 1284.68 8.220 1275.63 8.320 1269.51
8.420 1263.39 8.520 1257.27 8.630 1248.49
8.710 1245.30 8.800 1239.18 8.910 1235.72
9.020 1229.60 9.110 1223.48 9.210 1222.94
9.310 1214.17 9.420 1207.78 9.510 1204.58
9.610 1195.80 9.710 1195.01 9.810 1188.89
9.910 1182.76 10.010 1182.23 10.130 1175.85
10.220 1175.32 10.320 1169.20 10.410 1166.00
10.510 1159.88 10.610 1156.42 10.720 1152.96
10.820 1149.50 10.910 1140.72 11.020 1140.19
11.110 1136.73 11.220 1130.61 11.310 1127.42
11.410 1126.62 11.510 1120.50 11.610 1122.63
11.700 1116.51 11.810 1113.05 11.910 1112.52
12.000 1109.06 12.110 1102.94 12.210 1099.48
12.310 1096.29 12.400 1092.83 12.490 1089.63
12.600 1088.84 12.700 1085.38 12.810 1084.85
12.900 1081.39 13.010 1077.93 13.120 1077.13
13.200 1073.93 13.310 1070.48 13.400 1069.94
13.510 1066.49 13.600 1063.29 13.700 1062.49
13.800 1061.96 13.910 1061.16 14.010 1060.37
14.100 1054.51 14.210 1053.71 14.300 1053.18
14.400 1052.38 14.520 1051.58 14.610 1048.39
14.700 1044.93 14.800 1044.40 14.900 1038.2S__
15.000 1037.75 15.100 1036.95 15.210 1033.49__
15.300 1032.96 15.410 1029.50 15.500 1026.04
15.620 1019.92 15.710 1022.05 15.810 1021.52
15.900 1020.72 16.010 1017.26 16.110 1019.39
16.210 1018.85 16.310 1015.40 16.410 1014.86
16.500 1014.07 16.600 1013,53... 16.710 1012.73
16.800 1012.20 16.910 1011.40 17.020 1007.95
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17.120 1007.41 17.220 1003.95 17.320 1003.16
17.410 1002.62 17.510 999.16 17.610 995.97
17.700 998.10 17.800 994.64 17.930 993.84
18.020 993.31 18.120 989.85 18.200 991.98
18.300 991.45 18.420 993.31 18.510 989.85
18.610 986.66 18.720 985.86 18.910 984.53
19.110 980.54 19.310 979.21 19.510 977.88
19.720 976.55 19.920 972.56 20.110 968.56
20.310 969.89 20.520 965.90 20.720 967.23
21.530 964.57 21.720 960.58 21.930 961.91
22.110 960.85 22.320 956.59 22.510 955.53
22.730 951.27 22.920 949.94 23.120 951.53
23.320 947.54 23.520 946.21 23.720 947.54
23.930 946.21 24.120 944.88 24.320 943.55
24.510 939.56 24.720 935.57 24.930 936.90
25.120 935.57 25.320 934.24 25.520 935.57
25.720 937.17 25.920 935.84 26.120 934.50
26.320 933.17 26.510 931.84 26.720 933.17
26.910 926.52 27.110 927.85 27.410 928.65
27.720 .... 926.52 27.920 922.53 28.210 926.26
28.510 924.13 29.010 920.93 29.500 920.40
A P P E N D I X  IV
D igital D ata-S econd V aried-K r  E xperim en ts
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Flow cham ber Pore W ater V e l.= 1 .8 4  m /d a y , K r= 1 .3 4 ,  Run
T im e (m in.) E C T im e (m in .) E C T im e (m in .) E C
3.000 2233.82 3.100 2205.09 3.200 2176.08
3.310 2158.24 3.400 2137.76 3.500 2114.35
3.610 2093.59 3.700 2064.86 3.810 2044.10
3.900 2020.95 4.010 2000.19 4.110 1982.37
4.210 1961.88 4.300 1946.44 4.400 1925.69
4.490 1910.52 4.590 1895.35 4.700 1877.52
4.810 1862.35 4.900 1847.19 5.000 1829.09
5.100 1811.27 5.210 1804.35 5.310 1783.86
5.410 1771.35 5.500 1755.92 5.600 1746.34
5.710 1736.50 5.800 1723.99 5.910 1706.16
6.020 1696.59 6.110 1686.74 6.220 1677.16
6.310 1661.72 6.410 1652.14 6.510 1639.64
6.600 1635.38 6.710 1625.54 6.810 1613.03
6.900 1606.11 7.010 1599.20 7.110 1589.35
7.210 1582.43 7.310 1575.25 7.410 1565.67
7.510 1558.75 7.610 1554.49 7.700 1541.72
7.810 1534.80 7.920 1527.88 8.020 1523.62
8.120 1514.05 8.220 1506.86 8.320 1502.61
8.400 1500.74 8.500 1488.50 8.610 1481.58
8.720 1479.99 8.810 1475.46 8.920 1471.47
9.010 1466.95 9.110 1460.03 9.220 1453.11
9.320 1446.19 9.410 1439.01 9.510 1437.41
9.600 1433.16 9.710 1426.24 9.820 1424.64
9.910 1417.45 10.000 1410.54 10.210 1399.36
10.410 1393.51 10.600 1387.39 10.810 1381.80
11.010 1373.02 11.220 1364.77 11.420 1355.99
11.620 1350.13 11.810 1341.62 12.020 1335.77
12.220 1329.91 12.430 1324.06 12.610 1318.21
12.820 1315.28 13.010 1306.50 13.210 1297.71
13.420 1289.47 13.610 1286.01 13.820 1280.42
14.010 1271.64 14.200 1265.78 14.410 1265.52
14.620 1259.66 14.810 1259.13 15.010 1253.54.
15.210 1250.35 15.420 1244.50 15.620 1238.64
15.810 1235.45 16.000 1234.92 16.200 1231.73
16.400 1228.53 16.590 1230.93 16.810 1219.75
17.000 1221.88 17.210 1210.70 17.400 1207.51
17.590 1206.98 17.790 1203.79 18.000 1198.20
18.190 1200.33 18.400 1197.40 18.600 1197.13.
18.800 1193.68 19.000 1193.41 19.200 1190.22
19.400 1184.36 19.590 1184.10 19.790 1180.90
20.000 1175.05 20.310 1173.19 20.600 1168.40
20.900 1163.61 21.200 1159.08 21.500 1156.96
21.800 1157.75 22.100 1155.89 22.400 1145.78
22.800 1144.98 23.100 1140.19 23.400 1140.99
23.700 1136.46 24.020 1139.92 24.320 1138.06
24.610 1135.93 24.900 1125.82 25.200 1123.69
25.500 1127.42 25.800 1130.88 26.110 1131.68
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26.420 1129.81 26.720 1119.70 27.010 1111.99
27.300 1112.78 27.620 1116.51 27.910 1111.72
28.220 1112.52 28.610 1117.04 29.010 1113.58
29.510 1111.19 29.910 1107.73 30.320 1106.93
30.920 1105.60 31.420 1106.13 31.900 1103.47
32.500 1102.41 33.010 1094.69 33.610 1093.36
34.210 1094.96 34.920 1086.71 35.720 1088.04
36.320 1081.39 36.920 1082.72 37.630 1077.39
38.020 1073.94 38.520 1074.20 39.020 1074.47
39.610 1073.14 40.320 1073.14 41.020 1067.81
41.620 1066.48 42.220 1062.76 42.820 1064.09
43.720 1055.58 44.620 1057.70 45.620 1058.50
46.610 1059.03 47.700 1055.31 48.500 1051.05
49.210 1051.05 50.210 1040.94 50.810 1042.54
51.400 1041.21 52.400 1039.08 53.300 1038.81
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Flow cham ber Pore W ater V e l.= 1 .8 4  m /d a y , K r= 1 .3 4 ,  Run # 2
T im e (m in .) E C T im e (m in .) E C T im e (m in .) EC
3.110 2248.45 3.210 2219.18 3.310 2195.50
3.420 2171.82 3.510 2147.87 3.610 2126.85
3.710 2100.51 3.800 2079.22 3.920 2055.54
4.020 2042.77 4.120 2021.74 4.220 2003.38
4.320 1985.02 4.410 1969.59 4.520 1951.23
4.620 1932.87 4.730 1914.51 4.820 1901.74
4.920 1888.70 5.010 1875.93 5.100 1860.23
5.220 1839.21 5.320 1832.02 5.420 1816.32
5.510 1803.28 5.610 1793.17 5.720 1777.74
5.820 1767.63 5.920 1757.52 6.010 1747.14
6.110 1734.37 6.210 1724.26 6.310 1714.15
6.410 1706.69 6.520 1693.92 6.610 1689.13
6.730 1676.36 6.810 1666.25 6.920 1656.14
7.020 1651.35 7.120 1641.24 7.210 1633.79
7.310 1626.34 7.420 1621.81 7.520 1608.77
7.610 1603.98 7.720 1593.87 7.820 1586.69
7.920 1584.56 8.020 1574.45 8.120 1564.34
8.210 1559.55 8.310 1557.68 8.410 1544.65
8.520 1537.46 8.610 1530.01 8.710 1525.22
8.800 1520.43 8.900 1510.32 8.990 1508.46
9.120 1501.01 9.210 1496.48 9.310 1491.69
9.400 1486.91 9.510 1479.45 9.610 1474.93
9.720 1470.14 9.810 1462.69 9.900 1463.49
10.000 1458.70 10.210 1449.39 10.410 1442.73
10.610 1436.08 10.810 1426.77 11.000 1414.53
11.190 1410.54 11.400 1404.15 11.600 1400.16
11.800 1393.51 12.000 1386.86 12.210 1377.54
12.410 1370.89 12.590 1364.24 12.790 1360.25
12.990 1356.26 13.190 1349.60 13.380 1342.95
13.580 1336.30 13.800 1335.23 14.000 1331.24
14.200 1330.18 14.390 1315.28 14.590 1316.61
14.800 1309.96 15.010 1306.23 15.190 1302.24_
15.390 1300.91 15.600 1294.52 15.800 1293.19.
16.000 1289.20 16.190 1285.21 16.400 1281.48
16.600 1280.42 16.800 1279.09 17.000 1272.44
17.210 1274.03 17.410 1267.38 17.600 1260.73
17.790 1262.06 17.990 1261.00 18.210 1254.34
18.400 1253.28 18.610 1251.95 18.800 1247.96
19.010 1249.55 19.200 1248.49 19.400 1241.84
19.610 1240.77 19.800 1242.10 20.000 1229.86
20.300 1232.26 20.610 1226.40 20.910 1220.55
•>1.210 1217.36 21.500 1216.82 21.810 1210.97_
•>1.210 1217.36 21.500 1216.82 21.810 1210.97
22.120 1205.38 22.410 1207.51 22.710 1204.32.
23.000 1201.13 23.320 1200.86 23.610 1195.01
23.900 1194.47 24.210 1193.94 24.510 1193.68
24.810 1187.82 25.110 1184.63 25.410 1184.10
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25.710 1180.90 26.010 1183.30 26.310 1177.44
26.610 1176.91 26.910 1179.31 27.310 1179.57
27.610 1173.72 27.900 1170.53 28.210 1169.99
28.500 1169.73 28.820 1163.87 29.120 1166.27
29.500 1163.61 29.820 1163.34 30.110 1162.81
30.420 1159.88 30.720 1156.69 31.030 1156.16
31.320 1152.96 31.610 1152.43 31.920 1149.50
32.230 1151.90 32.520 1148.71 32.820 1145.51
33.030 1147.11 33.330 1146.58 33.630 1140.72
33.920 1142.85 34.230 1142.59 34.530 1142.05
34.830 1139.13 35.120 1138.59 35.430 1138.06
35.720 1137.53 36.040 1134.60 36.410 1134.87
36.820 1132.47 37.130 1131.94 37.420 1131.68
37.820 1131.94 38.230 1132.21 38.630 1129.81
39.020 1130.08 39.430 1125.02 39.830 1122.63
40.410 1124.49 40.820 1122.10 41.220 1122.36
41.620 1119.97 42.110 1121.03 42.520 1118.90
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Flow cham ber Pore W ater V e l.= 1 .8 4  m /d a y , K r= 1 .3 4 ,  Run # 3
T im e (m in .) E C T im e (m in .) E C T im e (m in .) EC
3.190 2277.72 3.300 2253.51 3.390 2226.63
3.500 2208.01 3.590 2184.06 3.690 2165.17
3.790 2149.20 3.890 2125.25 4.000 2106.63
4.090 2088.00 4.200 2069.37 4.300 2050.48
4.390 2031.86 4.490 2013.23 4.590 1997.26
4.690 1981.30 4.790 1968.26 4.880 1952.29
4.990 1938.99 5.090 1925.95 5.190 1912.65
5.290 1902.00 5.380 1891.63 5.490 1873.00
5.590 1865.28 5.700 1857.57 5.790 1838.67
5.890 1830.96 5.990 1817.92 6.090 1809.94
6.200 1794.24 6.300 1786.52 6.400 1781.47
6.500 1768.16 6.600 1754.86 6.690 1744.48
6.790 1736.76 6.900 1726.12 6.990 1721.06
7.090 1710.69 7.200 1702.97 7.300 1695.25
7.400 1687.54 7.500 1676.89 7.600 1669.18
7.690 1661.46 7.800 1656.40 7.890 1648.69
8.000 1643.63 8.110 1635.92 8.200 1630.85
8.300 1623.14 8.400 1615.16 8.490 1613.03
8.600 1605.31 8.700 1597.33 8.800 1592.28
8.900 1587.49 9.010 1576.84 9.100 1574.71
9.200 1569.66 9.310 1567.26 9.400 1567.80
9.500 1557.15 9.600 1552.10 9.700 1541.72
9.800 1539.32 9.900 1534.27 10.000 1526.55
10.210 1513.78 10.400 1506.33 10.620 1496.48
10.810 1489.03 11.000 1481.58 11.210 1474.40
11.400 1466.95 11.600 1459.76 11.800 1452.31
12.010 1442.20 12.200 1443.00 12.400 1432.89
12.600 1425.70 12.800 1423.84 13.010 1413.73
13.210 1409.21 13.410 1407.08 13.610 1405.22
13.810 1400.69 14.010 1393.24 14.200 1386.06
14.420 1384.19 14.610 1379.41 14.810 1377.54
15.010 1367.43 15.210 1362.91 15.400 1358.12
15.610 1359.18 15.800 1354.39 16.010 1352.53
16.220 1350.67 16.420 1343.22 16.620 1341.35
16.810 1339.49 17.010 1334.97 17.220 1333.11
17.410 1322.99 17.610 1321.13 17.810 1321.93
18.000 1320.07 18.200 1317.94 18.400 1316.08
18.600 1311.55 18.790 1309.69 19.000 1304.90
19.200 1303.04 19.390 1301.17 19.600 1296.65
19.800 1291.86 19.990 1295.59 20.310 1291.33
20.610 1284.41 20.900 1282.82 21.190 1275.90
21.490 1277.23 21.800 1272.97 22.100 1268.71
22.400 1270.04 22.700 1265.79 23.000 1261.79
23.410 1255.14 23.690 1253.54 24.010 1254.88
24.400 1242.90 24.710 1241.57 25.010 1248.22
25.310 1241.31 25.700 1231.99 26.100 1228.27
26.510 1229.86 27.000 1231.99 27.410 1225.34
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27.790 1221.61 28.200 1206.98 28.600 1211.24
29.010 1210.17 29.400 1214.70 29.810 1213.63
30.300 1210.17 30.910 1209.91 31.700 1205.12
32.300 1202.19 32.910 1199.26 33.500 1193.41
34.300 1191.28 34.990 1191.55 35.710 1188.89
36.600 1187.29 37.910 1181.70 39.000 1175.32
39.900 1176.38 41.010 1167.33 42.000 1166.00
42.910 1167.07 43.710 1164.94 44.600 1163.34
45.310 1158.02 46.110 1150.30 46.910 1148.17
47.910 1152.43 48.910 1148.44 50.000 1144.71
51.190 1141.52 52.090 1137.00 52.800 1134.60
53.400 1134.34 54.300 1127.15 54.980 1127.15
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Flow cham ber Pore W ater V e l.= 1 .8 4  m /d a y , K r= 2 .4 4 ,  Run # 1
T im e (m in.) E C T im e (m in.) E C T im e  (m in .) E C
3.130 2320.56 3.230 2290.76 3.320 2263.89
3.430 2234.08 3.520 2209.87 3.610 2191.24
3.700 2164.37 3.810 2145.48 3.910 2121.26
4.020 2102.64 4.120 2078.42 4.210 2051.55
4.320 2035.31 4.410 2016.69 4.520 1997.80
4.620 1976.51 4.720 1963.20 4.820 1946.97
4.920 1931.01 5.010 1917.70 5.110 1901.74
5.220 1882.85 5.310 1872.47 5.420 1856.24
5.520 1840.27 5.610 1829.63 5.710 1816.32
5.820 1805.68 5.920 1792.38 6.000 1779.07
6.110 1765.77 6.220 1758.05 6.310 1747.41
6.410 1734.10 6.510 1720.80 6.620 1718.40
6.720 1705.10 6.810 1694.45 6.910 1689.40
7.010 1676.09 7.110 1668.11 7.220 1654.81
7.310 1652.41 7.420 1641.77 7.510 1631.13
7.610 1623.41 7.700 1618.09 7.810 1604.78
7.910 1597.07 8.010 1586.42 8.110 1584.03
8.200 1576.05 8.300 1568.33 8.400 1560.35
8.510 1555.29 8.610 1547.31 8.710 1542.25
8.810 1537.20 8.910 1531.87 9.000 1529.48
9.100 1524.42 9.210 1516.44 9.310 1511.39
9.400 1503.40 9.500 1498,35 9.600 1495.95
9.700 1485.31 9.800 1482.91 9.910 1477.86
10.010 1472.54 10.200 1459.50 10.400 1452.05
10.610 1439.01 10.800 1428.63 11.000 1421.18
11.210 1410.80 11.400 1403.35 11.600 1395.64
11.810 1390.85 12.010 1383.40 12.210 1378.34
12.400 1370.89 12.610 1366.10 12.810 1355.72
13.010 1353.59 13.200 1343.22 13.400 1338.43
13.600 1336.30 13.800 1328.85 13.990 1321.13
14.210 1316.34 14.410 1311.55 14.600 1301.17
14.810 1301.97 15.000 1299.84 15.210 1294.79
15.410 1292.66 15.610 1279.62 15.800 1277.49
15.990 1272.70 16.220 1270.57 16.420 1265.79
16.610 1263.66 16.810 1261.53 17.010 1259.40
17.210 1254.61 17.410 1252.48 17.610 1247.69
17.790 1245.56 18.000 1243.43 18.190 1235.72
18.410 1233.59 18.600 1228.80 18.800 1226.67
19.010 1221.88 19.200 1219.75 19.520 1212.57
19.710 1210.44 19.900 1208.31 20.010 1208.58
20.320 1198.46 20.610 1193.94 20.920 1192.08
21.220 1190.22 21.510 1185.69 21.810 1178.51
21.220 1190.22 21.510 1185.69 21.810 1178.51
22.110 1176.65 22.410 1177.44 22.710 1178.51
23.010 1176.65 23.310 1169.46 23.610 1164.94
23.920 1160.41 24.310 1161.48 24.610 1162.28
24.900 1160.41 25.310 1153.50 25.610 1148.97
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26.000 1147.38 26.320 1145.78 26.700 1144.18
27.110 1142.59 27.510 1140.99 27.810 1142.05
28.220 1140.46 28.710 1136.47 29.120 1134.87
29.620 1139.13 30.110 1135.14 30.720 1134.34
31.110 1130.08 31.620 1128.75 32.120 1125.02
32.610 1123.69 33.220 1125.56 33.820 1119.17
34.510 1121.03 35.020 1117.31 35.510 1115.98
36.020 1114.65 36.710 1105.87 37.320 1107.73
37.920 1106.93 38.510 1103.20 39.110 1102.14
39.700 1101.34 40.300 1097.62 41.000 1097.08
41.600 1090.70 42.290 1092.56 43.000 1089.37
43.800 _JLQ8LiO. 44.600 1088.57 45.300 1088.04
46.000 1087.51 46.810 1086.97 47.200 1085.64
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Flow cham ber Pore W ater V e l.= 1 .8 4  m /d a y , K r= 2 .4 4 ,  Run # 2
T im e  (m in .) E C T im e (m in.) E C T im e  (m in .) EC
3.100 2401.99 3.210 2374.05 3.300 2346.37
3.410 2321.09 3.500 2298.74 3.610 2270.54
3.710 2242.86 3.800 2217.59 3.890 2197.89
4.000 2178.20 4.100 2155.59 4.200 2135.90
4.300 2118.87 4.410 2101.84 4.500 2085.07
4.600 2062.46 4.690 2048.35 4.790 2028.66
4.900 2014.29 5.010 2002.59 5.100 1985.56
5.210 1968.53 5.300 1951.76 5.410 1937.39
5.510 1923.02 5.600 1914.24 5.700 1899.88
5.800 1888.43 5.900 1874.06 6.000 1859.96
6.100 1848.25 6.200 1839.47 6.290 1828.03
6.400 1813.66 6.500 1804.88 6.600 1790.51
6.700 1779.07 6.800 1770.02 6.900 1758.58
7.000 1749.80 7.110 1738.09 7.200 1729.31
7.300 1720.53 7.400 1711.75 7.510 1708.29
7.610 1693.92 7.700 1690.73 7.810 1679.02
7.900 1672.90 8.010 1666.78 8.100 1663.59
8.210 1654.54 8.310 1648.42 8.400 1636.98
8.510 1630.86 8.610 1622.08 8.720 1615.96
8.810 1606.91 8.900 1606.38 9.000 1597.60
9.100 1591.48 9.210 1582.70 9.320 1576.58
9.400 1570.46 9.500 1567.00 9.600 1560.88
9.700 1557.68 9.810 1548.64 9.890 1542.78
10.000 1533.74 10.200 1524.42 10.400 1512.18
10.610 1505.27 10.790 1495.95 11.000 1486.37
11.200 1479.72 11.400 1467.48 11.600 1457.90
11.800 1451.25 12.000 1444.33 12.190 1435.02
12.400 1433.69 12.600 1424.11 12.800 1414.53
12.990 1405.22 13.190 1401.22 13.400 1394.31
13.600 1390.31 13.800 1383.40 14.010 1379.41
14.200 1372.75 14.410 1363.17.. 14.600 1359.18
14.790 1357.85 15.010 1353.86 15.200 1346.94
15.400 1342.95 15.600 1341.62 15.800 1337.63
16.010 1330.98 16.200 1329.65 16.390 1325.66
16.590 1321.66 16.800 1314.75 16.990 1308.09
17.200 1306.76 17.400 1302.77 17.590 1298.51
17.800 1294.52 18.000 1290.53 18.300 1288.67
18.500 1284.41 18.800 1279.89 19.010 1278.56
19.200 1277.23 19.400 1267.65 19.600 1266.32
19.810 1264.99 20.000 1266.58 20.310 1258.87
20.610 1254.34 21.000 1251.68 21.310 1252.48
21.610 1250.35 21.900 1240.24 22.300 1237.85..
22.700 1235.19 23.100 1229.60 23.490 1232.52
23.810 1227.73 24.200 1222.68 24.600 1217.0.9
25.000 1211.77 25.400 1214.70 25.800 1212.04
26.200 1206.71 26.600 1209.37 27.100 1200.86..
27.800 1199.00 28.510 1194.21 29.200 1197.93
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29.710 1197.13 30.420 1192.61 30.820 1189.95
31.510 1188.09 32.110 1187.02 33.010 1183.83
33.710 1181.70 34.220 1181.17 34.820 1180.10
35.320 1173.98 35.810 1170.79 36.320 1172.92
36.700 1167.60 37.120 1167.60 37.510 1164.94
37.920 1162.28 38.320 1162.54 38.720 1159.88
39.120 1159.88 39.710 1158.82 40.110 1156.16
40.500 1156.16 40.910 1156.42 41.310 1153.76
41.710 1151.10 42.310 1149.77 42.710 1147.11
43.200 1149.50 43.600 1146.84 44.000 1144.18
44.400 1144.18 44.810 1141.52 45.200 1141.79
45.710 1141.26 46.110 1143.92 46.610 1140.72
47.110 1137.53 47.600 1137.00 48.100 1136.20
48.500 1136.47 48.900 1136.47 49.210 1134.60
49.400 1135.93 49.810 1135.93 50.210 1133.27
50.590 1128.22 51.000 1130.88 51.410 1128.22
•51.7,90 .... 1125.56 •52.29,0 . 1119.70 52,7.00 .. ...1119.70...
53.200 1116.51 53.500 1117.31 53.800 1117.84
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Flow cham ber P ore W ater V e l.= 1 .8 4  m /d a y , K r= 2 .4 4 ,  Run # 3
T im e (m in .) E C T im e (m in .) E C T im e (m in .) EC
3.110 2472.76 3.210 2450.95 3.320 2421.14
3.410 2396.66 3.520 2369.52 3.630 2342.38
3.710 2320.56 3.820 2293.42 3.920 2271.87
4.010 2247.39 4.120 2225.57 4.210 2204.02
4.320 2184.86 4.410 2163.30 4.510 2147.07
4.620 2125.25 4.710 2106.36 4.820 2092.79
4.920 2070.97 5.020 2054.74 5.120 2041.10
5.220 2022.28 5.320 2006.04 5.420 1997.80
5.520 1981.56 5.620 1965.33 5.710 1954.69
5.820 1943.78 5.910 1927.55 6.020 1913.98
6.110 1906.00 6.210 1895.09 6.310 1881.52
6.410 1870.61 6.510 1862.62 6.610 1849.05
6.710 1835.48 6.810 1830.16 6.910 1819.25
7.010 1808.61 7.110 1803.28 7.210 1789.71
7.310 1781.47 7.410 1773.48 7.520 1765.23
7.610 1754.59 7.720 1743.68 7.810 1735.70
7.910 1727.45 8.020 1719.47 8.110 1714.15
8.210 1703.24 8.300 1695.25 8.390 1684.34
8.500 1681.68 8.620 1676.36 8.710 1665.45
8.810 1660.13 8.900 1652.15 9.010 1646.82
9.110 1641.24 9.220 1635.91 9.310 1627.93
9.400 1622.61 9.500 1614.36 9.610 1609.04
9.700 1603.72 9.810 1595.47 9.910 1587.49
10.000 1582.17 10.200 1574.18 10.400 1566.20
10.590 1558.22 10.800 1547.31 11.000 1534.00
11.210 1528.68 11.400 1517.77 11.600 1509.79
11.810 1499.15 11.990 1491.16 12.200 1480.25
12.410 1472.27 12.600 1464.29 12.800 1456.31
13.010 1448.32 13.200 1443.00 13.390 1440.34
13.610 1432.36 13.800 1424.37 14.000 1416.39
14.200 1411.07 14.400 1403.09 14.610 1403.35
14.800 1398.03 15.000 1395.37 15.200 1387.39
15.400 1387.65 15.610 1384.99 15.800 1379.67
16.000 1374.35 16.190 1369.03 16.400 1369,29
16.600 1358.65 16.800 1358.65 17.000 1358.92
17.200 1350.93 17.390 1348.27 17.600 1342.95
17.810 1337.63 18.000 1335.23 18.200 1335.23
18.410 1332.84 18.600 1327.52 18.800 1330.44
19.010 1322.46 19.210 1322.46 19.400 1317.14
19.600 1314.75 19.800 1312.08 20.010 1309.42
20.310 1309.69 20.620 1304.63 20.900 1301.97
21.200 1296.92 21.500 1291.60 21.800 1283.61
21.200 1296.92 21.500 1291.60 21.800 1283.61
22.100 1286.81 22.400 1281.48 22.700 1279.09
22.990 1279.09 23.300 1274.03 23.590 1268.71
23.910 1266.32 24.190 1261.00 24.490 1253,28
24.800 1253.28 25.100 1253.54 25.400 1251.15
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25.800 1248.76 26.090 1246.36 26.510 1243.97
26.900 1238.64 27.310 1239.18 27.700 1236.52
28.110 1237.05 28.510 1231.73 28.900 1232.26
29.320 1229.86 29.800 1224.81 30.110 1219.49
30.500 1222.41 30.920 1214.70 31.310 1214.96
31.710 1215.23 32.120 1215.76 32.610 1216.03
33.020 1216.29 33.330 1211.24 33.620 1211.50
33.900 1208.84 34.210 1206.45 34.510 1201.13
34.810 1196.07 35.110 1196.34 35.510 1196.60
35.920 1194.21 36.310 1194.47 36.820 1192.08
37.310 1189.68 37.700 1187.29 38.120 1184.89
38.810 1185.43 39.220 1185.96 39.710 1183.56
40.100 1181.17 40.500 1178.77 40.910 1176.38
41.310 1173.98 41.700 1174.25 42.100 1171.86
42.510 1172.12 43.110 1169.99 43.520 1170.26
44.110 1162.54 44.500 1162.81 45.010 1160.41
45.410 1160.68 45.810 1161.21 46.310 1156.16
46.700 1156.42 47.020 1154.03 47.410 1154.29
47.620 1154.29 48.020 1151.90 48.420 1152.17
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Flow cham ber Pore W ater V e l.= 1 .8 4  m /d a y , K r= 5 .8 9 ,  Run # 1
T im e (m in.) E C T im e (m in.) E C T im e (m in.) EC
3.290 3002.55 3.400 2968.49 3.490 2928.58
3.600 2891.86 3.690 2865.51 3.800 2834.11
3.890 2802.45 4.000 2773.71 4.100 2744.97
4.210 2716.24 4.280 2686.97 4.380 2660.89
4.490 2629.49 4.590 2603.41 4.710 2572.02
4.800 2551.26 4.890 2525.18 5.000 2501.77
5.090 2478.35 5.190 2460.52 5.300 2437.11
5.410 2413.96 5.500 2393.20 5,610 2375.38
5.710 2354.62 5.790 2336.53 5.900 2321.63
6.000 2303.53 6.200 2267.88 6.400 2234.62
6.610 2201.62 6.810 2171.29 7.000 2146.27
7.210 2118.60_._ 7.400 2090.93 7.600 2065.91
7.810 2041.17 8.010 2016.16 8.200 1993.80
8.410 1971.72 8.610 1952.03 8.800 1935.27
9.000 1918.50 9.220 1896.42 9.400 1882.31
9.610 1868.21__ 9.810 1846.13 10.010 1832.02
10.220 1818.19... 10.420 1806.74 10.610 1792.64
10.810 1781.47 11.000 1770.02 11.220 1756.19
11.420 1736.50 11.610 1722.39 11.810 1713.88
12.020 1702.70 12.220 1688.60 12.420 1677.42
12.630 1668.91. 12.820 1654.54 13.020 1646.03
13.210 1637.25 13.410 1628.73 13.620 1614.89
13.820 1611.70 14.010 1600.26 14.210 1591.74
14.420 1585.89 14.620 1577.38 14.810 1574.18
15.030 1563.01 15.210 1556.89 15.420 1548.37
15.610 1545.18 15.810 1536.66 16.010 1530.81
16.310 1517.77 16.410 1516.17 16.600 1512.98
16.810 1504.47 17.010 1501.27 17.210 1495.42
17.410 1486.91. 17.620 1483.71 17.810 1477.86
18.010 1472.00 18.210 1468.81 18.400 1462.96
18.610 1457.10 18.800 1453.91 19.010 1450.72
19.210 1447.79. 19.410 1444.60 19.620 1441.40
19.810 1435.55 20.010 1429.70 20.220 1426.50
20.410 1420.65 20.610 1420.38 20.810 1414.26
21.010 1408.41 21.210 1405.22 21.410 1402.29
21.600 1401.76 21.810 1398.56 22.010 1392.71
22.210 1389.52 22.410 1386.59 22.610 1380.74
22.810 1380.20 23.020 1377.01 23.200 1373.82
23.410 1373.55 23.620 1370.36 23.810 1367.17
24.020 1364.24 24.220 1358.38 24.410 1357.85
24.610 1354.66 24.820 1351.47 25.020 1351.20
25.210 1345.35 25.410 1344.81. 25.610 1341.62
25.810 1344.02 26.020 1338.16 26.200 1334.97
26.410 1334.44 26.610 1331.51 26.810 1330.98
27.010 1327.78 27.330 1328.85 27.620 1321.13
27.920 1319,27 28.220 1314.48 ..28.510 . 1312.35
28.820 1310.49 29.110 1308.36 29.410 1303.84
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29.710 1304.37 30.000 1302.24 30.310 1303.30
30.610 1301.17 30.900 1299.05 31.200 1294.52
31.500 1295.06 31.810 1293.19 32.100 1288.40
32.400 1289.20 32.700 1284.41 33.000 1279.62
33.300 1277.76 33.590 1272.97 33.890 1273.50
33.990 1272.17 34.290 1272.70 34.590 1270.84
34.900 1268.98 .. 35.210 1264.19 35.500 1262.33
35.800 1260.20 36.100 1258.33 36.400 1256.21
36.710 1254.34 37.010 1255.14 37.310 1250.35
37.600 1248.22 37.900 1246.36 38.200 1247.16
38.510 1242.37 38.800 1240.24 39.100 1238.38
39.400 1236.25 39.700 1234.39 40.100 1233.50
40.400 1234.39 ... 4.0,710. 1232,26 ... 41.000 ... 1233,06
41.300 1228.27 41.620 1223.74 41.920 1221.88
42.200 1222.41 42.510 1225.87 42.800 1221.08
43.120 1216-56_______ 43.420 1217.36 43.710 1215.23
44.QQQ_____ 1215 776_______ 44.300 1213.90______ 44.610______1212iH
44.910 1207.25 45.200 1207.78 45.500 1208.58
45.800 1209.37 46.110 1204.58 46.390 1202.46
,4(LZQQ ______ 4.7.Q1Q______ 1201.39______ 47.300______ im .6.Q .
47.610 1197.40 47.900 1198.20 48.200 1198.73
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Flow cham ber Pore W ater V e l.= 1 .8 4  m /d a y , K r= 5 .8 9 ,  Run # 2
T im e (m in.) E C T im e (m in.) E C T im e (m in.) E C
3.000 2403.85 3.100 2374.58 3.190 2345.04
3.300 2321.36 3.410 2291.82 3.510 2265.22
3.600 2241.27 3.700 2214.66 3.800 2193.37
3.890 2169.42 4.000 2148.40 4.090 2129.78
4.200 2106.09 4.300 2084.81 4.400 2060.86
4.500 2042.50 4.580 2026.53 4.700 2005.51
4.800 1989.81 4.900 1971.19 5.010 . 1950.17
5.110 1937.13 5.200 1918.50 5.300 1902.80
5.400 1892.42 5.490 1882.31 5.590 _ 1866.35
5.700 1853.58 5.790 1837.61 5.900 1827.50
6.000 1808.87 6.100 1793.17 6.210 1780.14
6.300 1772.68 6.410 1762.31 6.500 1751.93
6.610 1741.82 6.700 1731.44 6.800 1721.06
6.890 1708.03 6.990 1692.33 7.090 1687.54
7.200 1674.50 7.300 1664.39 7.390 1656.67
7.490 1649.22 7.590 1641.50 7.690 1631.39
7.810 1623.67 7.910 1613.56 8.000 1611.17
8.100 1601.06 8.200 1593.34 8.300 1585.89
8.400 1575.51 8.510 1565.40 8.610 1557.68
8.710 1547.57 8.810 1542.78 8.910 1537.73
9.010 1532.94 9.200 1520.70 9.410 1508.10
9.600 1495.69 9.800 1486.11 10.000 1476.53
10.210 1466.68 10.410 1457.10 10.600 1447.26
10.800 1437.68 11.010 1430.76 11.200 1415.59
11.410 1408.68 11.610 1399.10 11.810 1389.25
12.010 1384.99 12.200 1375.41 12.420 1371.16
12.610 1366.90 12.810 1359.98 13.010 1355.72
13.210 1351.47 13.410 1344.55 13.610 1340.56
13.810 1330.71 14.000 1326.45 14.220 1319.54
14.400 1317.94 14.610 1313.95 14.800 1309.69
15.000 1310.75 15.210 1303.84 15.400 1299.58
15.610 1295.32 15.810 1288.40 16.000 1284.15
16.210 1274.57 16.410 1270.31 16.610 1268.98
16.800 1259.13 17.010 1260.46 17.200 1256.21
17.400 1254.61 17.600 1250.35 17.900 1249.55
18.210 1243.17 18.510 1234.12 18.710 1238.11
18.910 1233.85 19.110 1229.60 19.310 1228.27
19.510 1226.67 19.710 1219.75 19.910 1221.08
20.100 1219.49 20.310 1215.23 20.520 1216.56
20.700 1217.62 20.910 1210.70 21.220 1207.25
21.510 1206.18 21.810 1205.38 22.120 1196.34
22.400 1200.86 22.720 1189.15 23.110 1191.55
23.500 1191.28 23.800 1184.89 24.110 1184.10
24.400 1185.96 24.710 1184.89 25.010 1181.44
25.310 1180.64 25.610 1179.57 26.000 1173.98
26.400 1173.72 26.800 1173.45 27.110 1169.73
27.510 1164.14 27.900 1163.87 28.300 1160.68
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28.700 1155.09 29.100 1151.90 29.510 1151.90
20.900 1154.29 30.300 1145.78 30.700 1148.17
31.100 1145.25 31.700 1143.38 32.100 1140.46
32.600 1135.40 32.890 1137.00 33.190 1136.20
33.590 1135.93 34.390 1135.40 35.090 1128.75
35.780 1130.35 36.280 1125.29 36.990 1124.23
37.590 1122.36 38.280 1121.30 38.790 1113.32
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Flow cham ber Pore W ater V e l.= 1 .8 4  m /d a y , K r= 5 .8 9 ,  Run # 3
T im e (m in.) E C T im e (m in.) E C T im e  (m in .) EC
3.210 2342.38 3.310 2316.30 3.420 2287.83
3.520 2258.83 3.620 2233.02 3.730 2212.53
3.830 2189.11 3.920 2165.96 4.030 2145.21
4.120 2122.06 4.220 2104.23 4.320 2080.82
4.420 2060.33 4.530 2037.18 4.630 2019.35
4.720 2001.26 4.820 1983.43 4.930 1971.19
5.020 1953.36 5.120 1943.51 5.230 1925.95
5.320 1907.86 5.420 1895.62 . 5.520 1886.04
5.620 1873.53 5.730 1861.29 5.820 1851.45
5.920 1833.62 6.010 1824.04 6.120 1811.80
6.230 1799.29 6.320 1789.45 6.420 1777.21
6.520 1767.63 6.620 1757.78 6.720 1750.87
6.820 1735.70 6.920 1729.05 7.020 1719.20
7.130 1709.62 7.210 1699.78 7.320 1692.86
7.420 1683.28 7.520 1673.70 7.620 1661.19
7.720 1657.20 7.830 1652.94 7.920 1646.03
8.030 1633.52 8.120 1626.60 8.220 1622.34
8.330 1615.69 8.420 1614.10 8.520 1598.93
8.620 1594.67 8.720 1587.75 8.810 1580.83
8.920 1570.99 9.020 1569.66 9.110 1562.74
9.210 1558.48 9.320 1548.90 9.510 1537.73
9.710 1529.21 9.910 1518.04 10.120 1509.79
10.310 1498.61 10.500 1495.42 10.720 1481.85
10.900 1475.73 11.110 1464.82 11.300 1456.31
11.510 1445.13 11.700 1439.54 11.900 1433.69
12.100 1425.44 12.310 1414.26 12.500 1411.34
12.690 1402.82 12.900 1396.97 13.090 1391.38
13.300 1388.45 13.500 1382.86 13.700 1374.35
13.910 1368.76 14.110 1362.91 14.300 1357.32
14.490 1351.47 14.700 1348.54 14.910 1340.29
15.100 1340.02 15.310 1334.44 15.510 1325.92
15.700 1322.99 15.920 1317.41 16.100 1316.87
16.320 1311.55 16.520 1308.36 16.710 1302.77
16.910 1299.84 17.120 1296.92 17.310 1293.72
17.510 1290.80 17.710 1285.21 17.920 1282.28
18.110 1279.09 18.300 1276.16 18.510 1273.24
18.700 1272.97 18.900 1269.78 19.100 1269.78
19.310 1266.85 19.510 1266.58 19.700 1260.73
19.910 1257.80 20.120 1252.21 20.320 1251.95
20.600 1250.09 20.810 1241.84 21.020 1241.57
21.220 1241.57 21.520 1239.71 21.820 1237.85
22.120 1236.25 22.410 1229.06 22.720 1227.47
23.010 1225.61 23.420 1214.16 23.710 1212.57
24.010 1208.04 24.300 1208.84 24.610 1207.25
25.020 1206.71 25.310 1196.87 25.610 1195.01
25.920 1196.07 26.310 1198.46 26.820 1188.35
27.210 1184.89 27.600 1181.70 27.900 1182.77
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28.300 1182.23 28.690 1178.77 29.110 1167.60
29.610 1168.40 30.020 1168.13 30.510 1168.66
30.920 1168.40 31.310 1164.94 31.730 1167.33
32.320 1166.53 32.930 1160.68 33.520 1156.95
34.120 ... 1159.08 34.620 1159.62 35.330 1155.09
36.020.... 1152.43 36.510 1150.57 37.130 1150.04
37.830 1147.91 38.520 1145.51 39.210 1143.12
40.110 1138.06 40.810 1135.67 41.610 1131.94
42.610 1128.22 43.610 1124.23 44.700 1118.64
45.810 1118.64 46.620 1109.59 47.400 1111.19
48.320 1109.06 49.200 1114.65 50.120 1109.59
50.910 1108.53 51.100 1108.26 52.120 1107.20
52.810 1104.80 54.510 1104.00 55.510 1102.94
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Flow cham ber Pore W ater V e l.= 1 .8 4  m /d a y , K r= 8 .9 4 ,  Run # 1
T im e (m in.) E C T im e (m in.) E C T im e (m in .) EC
3.000 2519.60 3.110 2490.33 3.200 2463.72
3.290 2428.86 3.400 2399.32 3.500 2378.30
3.600 2351.43 3.700 2327.48 3.800 2298.21
3.910 2271.60 4.000 2252.98 4.100 2226.37
4.200 2207.74 4.300 2183.79 4.400 2162.51
4.510 2141.48 4.610 2122.86 4.710 2101.84
4.800 2083.21 4.900 2064.58 5.010 2043.56
5.100 2027.60 5.210 2009.24 5.300 1996.20
5.400 1977.57 5.500 1964.53 5.600 1954.16
5.700 1935.53 5.800 1922.49 5.900 1906.79
6.010 1896.68 6.090 1886.04 6.190 1870.34
6.290 1854.64 6.390 1841.60 6.490 1825.64
6.600 1815.52 6.710 1805.15 6.800 1792.11
6.890 1781.73 7.000 1768.69 7.090 1763.64
7.190 1750.60 7.290 1737.56 7.390 1730.11
7.490 1725.05 7.590 1714.68 7.700 1701.64
7.800 1691.53 7.890 1678.22 7.990 1670.77
8.090 1663.06 8.190 1655.61 8.280 1645.23
8.390 1634.85 8.500 1627.13 8.600 1622.34
8.700 1611.97 8.790 1604.25 8.880 1596.80
8.990 1586.42 9.200 1576.58 9.400 1561.41
9.590 1551.56 9.790 1533.74 10.000 1523.89
10.190 1511.39 10.390 1501.54 10.600 1491.96
10.800 1482.12 11.000 1469.61 11.200 1462.69
11.400 1450.18 11.600 1445.66 11.800 1438.74
12.000 1428.90 12.200 1419.32 12.400 1409.47
12.500 1404.42 12.700 1397.50 12.900 1387.65
13.090 1386.06 13.290 1379.14 13.490 1374.62
13.690 1364.77. 13.900 1360.51 14.090 1356.26
14.300 1349.34 14.500 1342.15 14.690 1334.97
14.900 1325.39 15.110 1323.79 15.300 1322.20
15.500 1309.69 15.700 1310.75 15.900 1303.84
16.000 1298.78 16.300 1297.72 16.600 1296.65
16.900 1284.94 17.200 1280.95 17.490 1277.23
17.800 1265.25 18.100 1258.87 18.400 1255.14
18.700 1248.49 18.980 1247.43 19.300 1241.04
19.590 1234.39 19.900 1233.59 20.200 1221.61
20.500 1220.55 20.820 1219.49 21.200 1208.04
21.500 1206.98 21.800 1203.25 22.100 1202.19
22.400 1193.14 22.810 1192.61 23.200 1189.42
23.500 1191.01 23.790 1187.29 24.100 1180.90
24.410 1179.84 24.800 1176.65 25.210 1173.45
25.610 1164.67 26.010 1169.73 26.410 1163.87
26.710 1162.81 27.020 1156.16 27.310 1158.02
27.610 1159.62 28.010 1156.42 28.410 1155.89
28.810 1155.36 29.210 1149.50 29.610 1148.97
29.920 1147.91 30.310 1144.71 30.700 1141.52
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31.110 1140.99 31.510 1140.46 31.910 1139.93
32.320 1131.41 32.800 1131.41 33.200 1130.88
33.800 1126.09 34.200 1125.56 34.700 1125.82
35.110 1122.63 35.500 1122.10 36.000 1116.78
36.300 1118.37 36.710 1115.18 37.100 1114.65
37.500 1114.11 37.810 1113.05 38.210 1109.86
38.600 1109.33 39.100 1109.59 39.600 1109.59
40.100 1104.27 40.610 1104.27 41.000 1101.08
41.510 1104.00 41.890 1100.54 42.610 1101.87
43.200 1099.75 43.810 1097.62 44.400 1095.49
44.910 1090.17 45.300 1089.63 46.000 1088.30
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Flow cham ber Pore W ater V e l.= 1 .8 4  m /d a y , K r= 8 .9 4 ,  Run # 2
T im e  (m in.) E C T im e (m in.) E C T im e (m in.) EC
3.130 2639.07 3.230 2607.41 3.330 2575.74
3.430 2541.42 3.540 2515.34 3.630 2486.34
3.730 2462.92 3.820 2436.58 3.920 2410.50
4.020 2381.50 4.120 2360.74 4.230 2339.99
4.320 2319.23 4.410 2301.14 4.510 2275.06
4.620 2256.97 4.720 2230.89 4.820 2212.80
4.910 2200.29 5.020 2176.61 5.120 2158.78
5.200 2148.67 5.320 2119.93 5.420 2104.76
5.510 2091.99 5.620 2071.24 5.710 2058.73
5.810 2043.30 5.910 2025.20 6.010 2012.70
6.110 1997.53 6.210 1987.68 6.310 1969.59
6.410 1959.75 6.510 1947.24 6.620 1940.05
6.720 1922,23 6.820 1912.38 6.900 1902.27
7.010 1887.10 7.110 1877.26 7.210 1870.07
7.300 1860.23 7.410 1842.13 7.510 1840.54
7.610 1830.69 7.720 1812.86 7.810 1805.41
7.910 1795.57 8.010 1788.65 8.110 1784.13
8.220 1771.62 8.310 1761.78 8.510 1744.75
8.710 1730.64 8.910 1713.61 9.100 1699.24
9.310 1682.21 9.490 1667.85 9.700 1659.06
9.900 1644.96 10.110 1630.86 10.300 1619.15
10.520 1605.05 10.710 1596.27 10.910 1587.49
11.100 1575.78 11.310 1561.68 11.500 1552.63
11.710 1543.85 11.910 1532.41 12.110 1518.30
12.300 1511.92 12.510 1500.48 12.710 1491.69
12.900 1488.24 13.110 1479.72 13.310 1473.60
13.510 1467.48 13.710 1464.02 13.910 1458.17
14.110 1451.78 14.310 1443.00 14.510 1434.22
14.710 1428.37 14.910 1419.32 15.100 1418.79
15.310 1410.01 15.510 1406.55 15.710 1395.10
15.900 1388.98 16.020 1384.73 16.210 1378.61
16.410 1377.81 16.620 1374.62 16.820 1368.50
17.010 1365.04 17.210 1361.84 17.410 1361.05
17.610 1357.59 17.810 1348.80 18.010 1345.61
18.220 1350.40 18.410 1349.87 18.610 1338.16
18.810 1337.63 19.010 1331.51 19.200 1333.37
19.410 1324.86 19.600 1321.40 19.800 1315.28
20.010 1314.75 20.210 1305.96 20.410 1302.51
20.600 1304.63 20.810 1301.17 21.000 1300.64
21.200 1299.84 21.410 1296.65 . 21.600 ... 1295.85
21.810 1292.66 22.010 1286.54 22.200 1285,7.4.
22.400 1279.62 22.590 1279.09 22.800 1278.56
22.990 1272.17 23.200 1268.98 23.390 .. 1271.11
23.600 1264.99 23.800 1267.12 24.000 1263.66
24.190 1265.79 24.400 1262.59 24.590 1259.13
24.790 1258.33 24.990 1257.80 25.210 1249.02.
25.390 1248.22 25.600 1247.69 25.800 1247.16
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25.990 1243.70 26.190 1245.83 26.400 1245.30
26.600 1244.76 26.790 1241.04 26.990 1237.85
27.200 1239.97 27.390 1233.85 27.610 1230.66
27.800 1232.79 28.000 1231.99 28.200 1234.12
28.400 1228.00 28.600 1224.54 28.810 1218.69
29.000 1220.55 29.200 1220.02 29.400 1219.49
29.610 1221.61 29.790 1218.16 30.000 1217.36
30.200 1214.16 30.400 1213.63 30.610 1215.76
30.800 1209.64 31.010 1206.18 31.210 1208.31
31.410 1207.78 31.610 1209.64 31.810 1209.11
32.000 1208.58 32.210 1205.12 32.410 1204.58
32.620 1204.05 32.810 1200.59 33.010 1199.80
33.200 1196.34 33.400 1198.46 33.600 1197.93
33.810 1197.40 34.000 1196.60 34.210 1182.50
34.410 1181.70 34.610 1181.17 34.810 1180.64
35.020 1180.10 35.210 1179.31 35.410 1181.44
35.600 1180.64 35.810 1182.77 36.010 1179.57
36.220 1178.77 36.410 1180.90 36.610 1183.03
36.810 1182.50 37.010 1179.04 37.200 1178.24
37.420 1177.98 37.610 1171.59 37.820 1173.72
38.010 1170.26 38.200 1169.73 38.400 1168.93
38.610 1173.98 38.810 1170.53 39.000 1169.73
39.210 1169.20 39.510 1172.39 39.910 1168.40
40.310 1164.41 40.810 1158.82 41.410 1162.28
41.990 1157.49 42.610 1152.96 43.200 1151.10
43.710 1150.83 44.200 1150.57 44.700 1150.30
45.200 1150.04 45.690 1149.77 46.210 1149.77
46.710 1144.18 47.110 1140.19 47.610 1142.59
48.100 1142.32 48.610 1134.07 49.120 1133.81
49.610 1133.54 50.200 1131.41 50.820 1132.47
51.400 1133.27 52.000 1131.41 52.600 1129.28
53.090 1126.35 53.690 1121.83 54.290 1119.70
54.890 1117.84 55.280 1113.85 55.890 1114.60
56.110 1114.11 56.600 1114.11 57.100 1113.85
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Flow cham ber P ore W ater V e l.= 1 .8 4  m /d a y , K r= 8 .9 4 ,  Run # 3
T im e (m in.) E C T im e (m in.) E C T im e (m in.) E C
3.010 2687.76 3.110 2649.98 3.200 2622.84
3.320 2593.30. 3.410 2558.18 3.520 2533.70
3.620 2504.16 3.720 2477.02 3.820 2447.49
3.910 2423.27 4.010 2401.72 4.110 2380.17
4.210 2358.61 4.300 2337.06 4.410 2312.85
4.520 2293.95 4.610 2269.74 4.710 2250.85
4.820 2232.22 4.920 2213.33 5.010 2191.77
5.100 2172.88 5.210 2154.26 5.310 2138.02
5.410 2122.06 5.510 2111.42 5.610 2092.52
5.710 2070.97 5.800 2060.33 5.910 2044.36
6.000 2031.06 6.100 2012.16 6.200 1998.86
6.310 1988.22 6.410 1969.32 6.500 1961.34
6.610 1948.04 6.700 1937.39 6.800 1926.75
6.910 1908.12 7.010 1900.14 7.100 1889.50
7.210 1876.19 7.310 1870.87 7.410 1860.23
7.510 1844.26 7.610 1836.28 7.710 1833.89
7.810 1817.65 7.920 1807.28 8.110 1791.31
8.300 1775.35 8.520 1756.99 8.710 1738.36
8.910 1722.66 9.100 1706.69 9.310 1688.33
9.510 1675.03 9.700 1659.33 9.920 1646.20
10.120 1635.91 10.300 1628.20 10.520 1615.16
10.710 1610.10 10.900 1591.48 11.120 1584.03
11.310 1570.72 11.500 1563.27 11.710 1555.56
11.910 1542.52 12.100 1532.14 12.300 1521.76
12.510 1519.37 12.700 1503.67 12.900 1498.61
13.010 1487.97 13.200 1483.18 13.410 1478.12
13.620 1462.42 13.800 1457.37 14.000 1449.92
14.200 1442.20 14.400 1440.07 14.600 1426.77
14.810 1424.64 15.010 1416.92 15.200 1409.47
15.400 1401.76 15.610 1399.63 15.800 1391.91
16.000 1392.44 16.210 1384.73. 16.400 1382.60
16.600 1380.20 16.800 1375.41 17.000 1370.36QQ<Mi-H 1368.23 17.400 1360.51 17.590 1355.72
17.790 1350.67 18.000 1345.88 18.190 1346.41
18.400 1341.35 18.590 1339.23 18.810 1334.17
19.000 1329.38 19.210 1329.91 19.400 1324.86
19.600 1322.73 19.800 1320.60 20.000 1312,88
20.200 1310.75 20.410 1308.36 20.600 1303.57
20.800 1301.18 21.010 1296.39 21.220 1296.92
21.410 1294.79 21.600 1292.39 21.800 1287.60
22.000 1285.48 22.300 1280.69 22.610 1281.48
22.910 1274.03 23.210 1269.51 23.510 1270.31
23.810 1265.52 24.110 1263.66 24.410 1256.21
24.710 1251.42 25.010 1244.23 25.310 1242.10
25.620 1240.24 25.910 1243.70.. 26.210 1236.25
26.520 1231.73 26.820 1229.86 27.120 1230.66
27.410 1225.87 27.710 1224.01 28.110 1222.15
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28.610 1218.16 29.010 1216.29 29.420 1212.04
29.820 1213.10 30.210 1205.92 30.610 1204.32
31.010 1194.47 31.410 1195.27 31.800 1193.68
32.300 1195.01 32.710 1193.41 33.120 1191.55
33.500 1187.29 33.900 1185.43 34.300 1183.83
34.720 1184.89 35.020 1180.10 35.510 1181.44
35.910 1177.18 36.310 1167.33 36.810 1168.40
37.220 1169.73 37.720 1165.47 38.020 1166.27
38.420 1164.41 38.910 1160.41 39.320 1161.48
39.710 1159.62 40.110 1158.02 40.510 1159.08
40.910 1157.49 41.410 1153.23 41.910 1154.56
42.410 1152.96 43.020 1149.24 43.710 1151.10
44.320 1149.77 45.100 1146.58 45.910 1140.46
47.010 1140.46 48.110 1137.80 48.900 1134.60
49.600 1133.54 50.310 1127.15 51.500 1125.02
52.600 1119.70 53.300 1121.30 53.910 1117.57
A P P E N D I X  V
D igital D a ta -T h ird  V aried-K ^ E xperim en ts
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Flow cham ber Pore W ater V e l.= 1 .7 2  m /d a y , K r= 2 .4 4 ,  Run # 1
T im e (m in.) E C T im e (m in .) E C T im e (m in .) EC
2.290 3004.14 2.340 2977.80 2.380 2965.03
2.430 2936.03 2.480 2915.00 2.530 2886.27
2.580 2857.00 2.620 2833.32 2.670 2812.29
2.700 2791.27 2.760 2775.84 2.820 2752.69
2.920 2716.24 2.980 2703.73 3.030 2685.64
3.080 2662.22 3.150 2644.39 3.220 2607.41
3.290 2586.92 3.350 2560.84 3.410 2545.67
3.470 2522.26 3.530 2490.59 3.590 2472.76
3.640 2446.42 3.690 2430.99 3.750 2415.82
3.840 2398.26 3.910 2378.04 3.990 2346.64
4.060 2326.15 4.130 2311.25 4.180 2293.15
4.270 2264.95 4.360 2233.82 4.440 2221.84
4.490 2200.82 4.570 2191.51 4.650 2181.93
4.720 2158.78 4.810 2138.82 4.910 2118.87
5.040 2086.14 5.120 2065.65 5.180 2042.23
5.280 2025.20 5.380 1999.66 5.480 1977.04
5.580 1962.41 5.680 1942.72 5.780 1928.35
5.870 1921.69 5.950 1898.55 6.010 1878.06
6.120 1861.03 6.230 1844.26 6.340 1829.63
6.430 1814.99 6.510 1808.61 6.580 1796.10
6.680 1781.73 6.790 1764.70 6.880 1742.08
6.990 1730.38 7.090 1726.92 7.180 1714.94
7.290 1700.57 7.390 1694.45 7.490 1682.48
7.590 1668.11 7.690 1659.06 7.790 1655.61
7.890 1646.56 7.990 1637.51 8.090 1626.07
8.190 1617.02 8.290 1605.05 8.390 1598.93
8.490 1595.47 8.600 1597.33 8.690 1590.95
8.800 1587.49 8.900 1581.37 8.990 1574.98
9.100 1565.93 9.200 1559.81 9.290 1561.41
9.380 1560.35 9.490 1546.24 9.580 1534.27
9.690 1525.49 9.780 1524.42 9.890 1523.89
9.980 1522.83 10.090 1511.12 10.190 1496.75
10.280 1493.03 10.380 1486.64 10.480 1474.93
10.570 1460.30 10.680 1451.52 10.790 1440.07
10.890 1431.03 10.990 1424.64 11.090 1423.84
11.190 1420.38 11.290 1419.58 11.390 1413.20
11.490 1406.81 11.590 1403.35 11.690 1397.23
11.780 1398.83 . 11.890 1398.30 11.980 1391.65
12.090 1391.11 12.190 1384.73 12.280 1378.34
12.380 1374.88 12.480 1368.50 12.590 1362.3S_
12.690 1358.92 12.780 1355.19 12.870 1354.13
12.980 1353.33 13.070 1346.94 13.180 1338.16
13.290 1332.04 13.380 1322.73 13.480 1324.86
13.580 1310.49 13.680 1309.69 13.770 1305.96
13.870 1302.24 13.970 1304.10 14.070 1303.30
14.180 1302.51 14.270 1296.12 14.480 1289.47
14.660 1287.34 14.870 1283.08 15.080 1281.48
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15.280 1271.64 15.460 1267.12 15.670 1262.86
15.870 1263.92 16.080 1262.59 16.270 1263.39
16.470 1261.79 16.660 1257.00 16.870 1247.43
17.170 1233.85 17.470 1234.39 17.770 1231.73
18.070 1231.99 18.360 1229.33 18.660 1221.35
18.970 1213.63 19.260 1208.31 19.570 1203.25
19.880 1203.79 20.280 1203.25 20.660 1196.87
21.080 1191.01 21.470 1187.55 21.770 1179.57
22.170 1162.81 22.670 1155.89 23.080 1152.70
23.680 1150.30 24.080 1149.77 24.570 1151.10
25.280 1150.83 25.780 1152.17 26.170 1151.63
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Flow cham ber P ore W ater V e l.= 1 .7 2  m /d a y , K r= 2 .4 4 ,  Run # 2
T im e (m in .) E C T im e (m in .) E C T im e (m in .) E C
2.070 2800.85 2.140 2765.20 2.230 2723.95
2.310 2693.88 2.420 2644.39 2.520 2606.08
2.610 2573.08 2.750 2518.00 2.860 2471.43
2.990 2430.19 3.120 2383.63 3.230 2350.63
3.370 2309.12 3.510 2265.22 3.670 2226.63
3.770 2198.96 3.890 2174.21 4.010 2143.88
4.140 2108.22 4.290 2077.62 4.450 2041.70
4.610 2014.03 4.720 1991.94 4.810 1972.78
4.910 1953.36 5.010 1939.52 5.110 1920.10
5.210 1898.01 5.310 1889.50 5.420 1870.07
5.510 1856.24 5.610 1836.81 5.710 1822.98
5.800 1809.14 5.900 1792.38 6.000 1781.20
6.110 1767.36 6.210 1750.60 6.310 1736.76
6.400 1728.25 6.510 1714.41 6.610 1700.57
6.710 1689.13 6.810 1680.88 6.910 1669.71
7.010 1658.53 7.090 1644.70 7.200 1636.18
7.310 1627.67 7.400 1619.15 7.500 1607.98
7.590 1596.80 7.700 1590.95 7.800 1579.77
7.900 1568.59 8.000 1560.35 8.200 1545.98
8.400 1529.21 8.600 1514.84 8.810 1495.15
9.000 1481.05 9.200 1469.61 9.400 1458.17
9.610 1446.73 9.800 1435.28 9.990 1420.92
10.200 1417.72 10.400 1406.28 10.600 1397.50
10.790 1386.06 11.010 1374.62 11.200 1365.83
11.390 1354.39 11.600 1350.93 11.800 1334.17
11.990 1325.39 12.200 1319.27 12.410 1316.08
12.600 1307.30 12.810 1298.51 13.000 1292.39
13.210 1286.54 13.500 1280.15 13.810 1268.45
14.110 1256.47 14.400 1250.35 14.700 1235.72
15.010 1229.60 15.310 1223.21 15.620 1216.82
15.910 1210.44 16.220 1206.98 16.520 1200.59
16.910 1188.62 17.340 1179.31 17.720 1169.99
18.130 1160.68 18.720 1150.83 19.140 1144.18
19.520 1137.53 19.900 1130.88 20.420 1126.89
20.800 1117.57 21.310 1107.99 21.820 1101.08
22.310 1096.82 22.830 1089.90 23.210 1088.84
23.710 1084.58 24.220 1075.00 24.720 1070.74
25.190 1066.75 25.710 1062.49 26.200 1058.50
26.700 1054.24 27.300 1047.06 27.800 1045.73
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Flow cham ber Pore W ater V e l.= 1 .7 2  m /d a y , K r= 2 .4 4 ,  Run # 3
T im e (m in .) E C T im e (m in.) E C T im e (m in.) E C
2.090 2849.28 2.170 2806.17 2.240 2776.64
2.320 2744.44 2.370 2717.57 . 2.430 2698.67
2.490 2677.39 2.530 2647.59 2.600 2628.96
2.660 2604.75 2.720 2580.80 2.770 2564.57
2.820 2540.35 2.900 2519.06 2.950 2497.51
3.010 2476.22 3.070 2452.01 3.140 2425.13
3.220 2401.19 3.300 2371.65 3.390 2345.04
3.480 2318.17 3.570 2291.56 3.640 2267.34
3.690 2251.38 3.760 2232.75 _ 3.840 2214.13
3.900 2195.50 4.000 2174.21 4.070 2155.59
4.150 2139.89 4.230 2115.67 4.290 2102.64
4.370 2083.74 4.440 2073.36 4.500 2060.06
4.600 2036.38 4.700 2012.43 4.800 1991.14
4.890 1972.52 4.980 1948.57 5.080 1938.46
5.190 1925.42 5.280 1901.47 5.390 1885.77
5.490 1870.07 5.590 1851.45 5.690 1833.09
5.800 1822.71 5.890 1809.67 5.990 1796.63
6.100 1780.93 6.190 1770.82 6.300 1755.12
6.400 1744.75 6.500 1731.71 6.600 1724.26
6.690 1705.63 6.800 1689.93 6.900 1676.89
7.010 1664.12 7.100 1659.06 7.200 1648.69
7.300 1641.24 7.400 1630.86 7.490 1623.41
7.600 1613.03 7.710 1605.58 7.810 1595.20
7.910 1590.41 8.010 1580.04 8.100 1569.93
8.200 1565.14 8.310 1557.42 8.510 1542.25
8.710 1532.67 8.910 1520.17 9.110 1507.93
9.300 1492.76 9.500 1480.25 9.710 1470.67
9.910 1455.51 10.100 1445.66 10.320 1428.10
10.520 1418.25 10.720 1411.34 10.920 1404.42
11.120 1394.84 11.310 1382.33 11.520 1378.07
11.710 1371.16 11.910 1361.31 12.100 1357.05
12.320 1344.81 12.520 1337.90 12.710 1330.98
12.920 1326.72 13.090 1322.20 _ 13.290 1312.62.
13.510 1308.36 13.710 1304.10 13.910 1300.11
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Flow cham ber P ore W ater V e l.= 1 .7 2  m /d a y , K r= 2 .4 4 ,  Run # 4
T im e (m in.) E C T im e (m in.) E C T im e (m in.) E C
2.010 2667.54 2.070 2643.86 2.110 2622.31
2.180 2604.21 2.200 2585.32 2.260 2564.30
2.310 2551.26 2.370 2521.99 2.420 2506.29
2.450 2490.33 2.510 2474.63 2.560 2453.34
2.600 2437.38 2.650 2419.01 2.710 2408.64
2.760 2393.20 2.800 2374.58 2.860 2358.61
2.900 2345.57 2.950 2324.55 3.000 2308.59
3.060 2295.82 3.100 2285.17 3.150 2269.47
3.210 2251.11 3.250 2240.74 3.300 2227.70
3.350 2220.25 3.400 2201.62 3.460 .2191.51
3.490 2178.20 3.550 2168.09 . 3.590 2157.72
3.650 2147.34 3.690 2139.89 3.800 2105.56
3.900 2087.73 4.000 2067.25 4.090 2046.49
4.200 2023.07 4.300 1999.92 4.390 1981.83
4.490 1961.34 4.590 1943.25 4.700 1931.01
4.800 1915.84 4.900 1895.35 4.990 1879.92
5.100 1865.02 5.200 1849.85 5.300 1834,68
5.390 1822.18 5.500 1815.26 5.590 1802.75
5.700 1793.17 5.790 1778.01 5.900 1768.43
5.990 1755.92 6.100 1740.75 6.190 1730.91
6.290 1718.67 6.400 1709.09 6.490 1701.91
6.590 1689.67 6.700 1677.16 6.790 1672.90
6.890 1663.06 6.990 1656.14 7.090 1643.63
7.190 1634.05 7.290 1629.80 7.390 1622.88
7.490 1615.96 7.600 1606.38 7.700 1599.46
7.800 1589.62 7.890 1582.70 7.990 1578.44
8.100 1579.50 8.200 1572.85 8.290 1568.33
8.390 1561.41 8.490 1554.49 8.690 1543.32
8.900 1534.80 9.100 1520.96 9.300 1509.79
9.490 1498.35 9.690 1484.51 9.900 1473.33
10.100 1462.16 10.300 1450.98 10.500 1439.81
10.700 1431.29 10.900 1420.12 11.100 1416.92
11.300 1408.41 11.500 1402.82 11.690 1396.97
11.890 1388.45 12.100 1382.86 12.300 1374.35
12.480 1371.16 12.690 1365.57 12.900 1357.05
13.100 1354.13 13.290 1345.35 13.500 1342.69
13.710 1334.17 13.900 1328.32 14.100 1325.39
14.300 1319.54 14.600 1315.01 14.800 1309.16
15.100 1301.97 15.400 1294.79 15.600 1286.27
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Flow cham ber Pore W ater V e l.= 1 .7 2  m /d a y , K r= 5 .8 9 ,  Run
T im e (m in.) E C T im e (m in.) E C T im e (m in.) E C
2.010 3271.56 2.060 3244.42 2.120 3222.87
2.170 3198.66 2.220 3179.76 2.270 3155.55
2.320 3131.07 2.370 3103.93 2.430 3082.37
2.500 3058.1 6 2.590 3031.29 2.660 3001.48
2.720 2977.27 2.770 2955.72 2.840 2928.84
2.900 2904.36 2.950 2891.06 3.020 2869.50
3.110 2834.38 3.210 2802.18 3.310 2769.72
3.410 2742.85 3.530 2710.65 3.620 2681.11
3.720 2645.99 3.810 2622.04 3.920 2595.17
4.010 2570.95 4.120 2544.08 4.210 2511.88
4.320 2485.00 4.400 2466.11 4.510 2436.58
4.600 2417.95 4.710 2391.08 4.810 2367.13
4.920 2348.50 5.030 2329.88 5.130 2308.32
5.230 2289.70 5.330 2265.48 5.420 2246.86
5.520 2230.89 5.620 2212.26 5.730 2193.64
5.830 2175.01 5.920 2161.71 6.010 2143.08
6.110 2127.12 6.220 2108.22 6.320 2097.85
6.420 2081.88 6.510 2065.91 6.610 2049.95
6.720 2033.98 6.820 2018.02 6.920 2002.05
7.010 1989.01 7.120 1975.71 7.220 1965.33
7.310 1949.37 7.430 1936.06 7.520 1928.35
7.620 1920.63 7.720 1899.08 7.820 1891.36
7.910 1880.72 8.020 1867.68 8.130 1862.62
8.220 1849.32 8.320 1833.35 8.410 1822.98
8.520 1817.92 8.620 1807.28 8.710 1796.90
8.810 1789.18 8.930 1773.22 9.010 1762.57
9.220 1744.48 9.420 1731.71 9.620 1713.35
9.820 1697.91 10.030 1679.55 10.230 1661.19
10.420 1656.67 10.630 1641.24 10.820 1628.20
11.020 1612.77 11.220 1602.65 11.420 1592.54
11.640 1579.77 11.830 1569.66 12.030 1554.23
12.230 1552.36 12.420 1542.25 12.630 1532.14
12.820 1527.35 13.020 1517.24 13.230 1510.06
13.520 1492.23 13.810 1479.72 14.120 1464.55
14.420 1454.97 14.720 1445.40 15.020 1438.21
15.310 1425.97 15.610 1416.13 15.910 1406.55
16.210 1396.97 16.500 1389.78 16.820 1383.13
17.110 1373.29 17.420 1360.78 17.800 1354.39
18.100 1352.80 18.400 1343.22 18.710 1338.96
19.010 1332.04 19.310 1325.12 19.610 1312.62
19.900 1311.02 20.310 1299.05 20.710 1295.32
21.110 1288.67 21.400 1287.34 21.810 1283.61
200
Flow cham ber P ore W ater V e l.= 1 .7 2  m /d a y , K r= 5 .8 9 ,  Run # 2
T im e (m in.) E C T im e (m in.) E C T im e (m in.) E C
2.120 3641.43 2.160 3620.14 2.220 3607.63
2.250 3589.01 2.290 3575.97 2.330 3557.61
2.360 3541.91 2.390 3520.36 2.430 3502.00
2.480 3483.64 2.510 3462.62 2.580 3436.54
2.620 3420.84 2.660 3399.55 2.720 3381.46
2.760 3360.44 2.810 . 3339.42 2.860 3315.74
2.910 3308.28 2.960 3290.19 3.010 3274.49
3.050 3253.47 3.130 3232.98 3.170 3214.35
3.230 3190.94 3.310 3170.45 3.340 3130.00
3.410 3098.61 3.510 3078.38 3.580 3049.65
3.620 3036.87 3.670 3015.59 3.710 3005.48
3.770 2984.72 3.820 2969.02 3.860 2950.66
3.920 2938.15 3.960 2922.46 4.010 2909.68
4.110 2878.55 4.230 2834.11 4.320 2808.57
4.420 2782.76 4.520 2762.80 4.620 2745.51
4.720 2719.96 4.810 2707.72 4.920 2693.09
5.010 2656.63 5.110 2620.18 5.220 2600.22
5.320 2588.25 5.410 2587.18 5.510 2553.39
5.620 2541.42 5.710 2507.62 5.800 2479.15
5.910 2448.28 6.010 2414.49 6.110 2402.52
6.210 2390.54 6.310 2362.34 6.410 2336.79
6.520 2313.91 6.610 2301.94 6.710 2289.96
6.810 2278.25 6.920 2255.37 7.020 2224.50
7.110 2206.94 7.210 2184.06 7.310 2172.08
7.410 2162.77 7.500 2150.80 7.610 2141.75
7.710 2127.12 7.810 2115.14 7.900 2097.58
8.010 2085.87 8.210 2075.49 8.400 2018.82
8.570 1997.26 8.710 1980.50 8.840 1958.15
8.960 1954.69 9.100 1946.17 9.240 1926.75
9.350 1920.36 9.470 1911.58 9.600 1900.14
9.720 1874.86 9.820 1873.80 9.920 1853.84
10.020 1841.87 10.140 1841.07 10.250 1826.70
10.380 1812.60 10.520 1804.08 10.650 1800.89
10.810 1789.98 11.010 1776.94 11.170 1768.96
11.360 1769.23 11.510 1766.30 11.610 1740.75
11.740 1721.33 11.910 1713.08 12.070 1702.44
12.280 1692.33 12.490 1685.14 12.700 1685.94
12.920 1662.26 13.210 1650.82 13.490 1636.45
13.730 1635.38 14.040 1635.12 14.500 1623.94
14.810 1585.62 15.190 1584.03 15.520 1578.71
15.800 1580.57 16.070 1563.54 16.350 1557.42
16.640 1545.98 17.070 1534.27 17.490 1533.20
201
Flow cham ber Pore W ater V e l.= 1 .7 2  m /d a y , K r= 5 .8 9 ,  Run # 3
T im e (m in.) E C T im e (m in .) E C T im e (m in.) E C
2.080 3203.98 2.130 3182.69 2.190 3158.48
2.250 3128.94 2.300 3107.65 2.360 3078.12
2.410 3056.56 2.460 3035.28 2.500 3016.65
2.560 2998.02 . 2.620 2976.47 2.670 2952.52
2.710 2941.88 2.770 2912.34 2.820 2896.38
2.870 2877.75 2.910 2861.52 2.970 2834.91
3.020 2813.36 3.090 2795.00 3.160 2768.12
3.210 2752.16 3.280 2730.87 3.340 2712.25
3.410 2690.96 3.460 2672.33 3.510 2659.03
3.600 2629.76 3.680 . 2606.08 _ 3.780 2573.88
3.860 2547.27 3.930 2528.91 4.000 2507.62
4.070 2486.34 4.160 2465.31 4.250 2441.37
4.340 2414.76 4.410 2399.06 4.500 2372.45
4.580 2351.16 4.650 2332.80 4.740 2311.78
4.810 2298.48 . 4.870 2282.78 4.930 2263.89
5.000 2253.77 5.110 2227.16 5.210 2206.14
5.310 2187.78 5.400 2169.69 5.510 2148.67
5.600 2130.31 5.700 2109.29 5.800 2096.25
5.900 2077.89 6.000 2059.79 6.100 2041.43
6.210 2020.41 6.310 2004.98 6.390 1983.69
6.500 1968.26 6.610 1944.58 6.700 1937.13
6.800 1924.09 6.910 1916.91 7.010 1890.30
7.110 1877.52 7.200 1867.41 7.310 1851.71
7.400 1836.28 7.490 1823.24 7.600 1807.81
7.710 1792.11 7.800 1782.00 7.900 1766.30
8.010 1764.44 8.110 1749.00. 8.200 1735.96
8.300 1725.85 8.390 1713.08 8.510 1705.63
8.600 1695.52 8.700 1679.82 8.800 1672.37
8.890 1664.92 9.000 1652.15 9.190 1634.58
9.400 1619.95 9.610 1599.73 9.800 1587.49
10.000 1575.51 10.200 1557.95 10.390 1540.39
10.600 1525.49 10.800 1510.85 11.000 1506.86..
11.210 1486.64 11.410 1474.66 11.610 1468.01
11.810 1450.45 12.010 1443.80 12.200 1437.15
12.400 1422.25 12.600 1415.59 12.810 1406.28
13.000 1396.97 13.200 1390.31 13.400 1375.41
13.600 1368.76 13.800 1359.45 14.000 1350.14
14.210 1343.48 14.400 1342.15 14.610 1338.43
14.800 1326.19 15.000 1316.87 15.190 1312.88
15.410 1303.57 15.710 1300.64 15.910 1291.06
16.120 1281.75 . 16.310 1280.69 ... 16.600 1274.57
16.910 1268.98 17.120 1264.99 .... 17.310 1255.67
17.610 1249.55 17.910 1241.04 18.210 1232.52
18.530 1226.67 18.820 1220.82 19.120 1214.96.
19.420 1209.11 19.720 1205.92 20.020 1205.65
20.-300 1202.19 20.620 1185.69 20.920 1188.09
202
Flow cham ber Pore W ater V e l.= 1 .7 2  m /d a y , K r= 8 .9 4 ,  Run # 1
T im e (m in .) E C T im e (m in.) E C T im e (m in .) E C
2.040 2711.18 2.100 2690.43 2.150 2661.42
2.200 2643.33 2.260 2616.98 2.300 2595.96
2.360 2575.21 2.420 2543.81 2.480 2520.39
2.570 2486.34 2.610 2470.90 2.670 2444.56
2.710 2426.47 2.780 2405.98 2.830 2379.63
2.890 2356.22 2.950 2338.12 3.000 2322.69
3.060 2301.94 3.130 2278.79 3.200 2255.64
3.260 2237.81 3.320 2222.64 3.380 2196.30
3.450 2178.47 3.500 2160.38 3.560 2145.21
3.620 2132.70 3.690 2109.29 3.760 2091.73
3.810 2076.29 3.880 2058.46 3.960 2040.90
4.010 2028.40 4.070 2015.62 4.130 2000.46
4.200 1982.90 4.270 1965.07 4.320 1944.31
4.390 1934.47 4.460 1922.23 4.540 1899.08
4.600 1892.16 4.680 1874.60 4.750 1859.70
4.830 1839.21 4.900 1829.89 4.980 1814.73
5.040 1802.22 5.110 1787.32 5.180 1775.08
5.260 1762.84 5.350 1748.20 5.410 1738.63
5.470 1728.78 5.550 1716.54 5.630 1698.98
5.720 1687.00 5.800 1675.03 5.910 1660.66
6.000 1651.61 6.100 1634.32 6.210 1619.95
6.300 1613.56 6.410 1591.21 6.500 1584.56
6.610 1570.46 6.700 1561.14 6.790 1549.44
6.900 1537.73 7.000 1528.68 7.100 1508.72
7.200 1510.85 7.300 1490.90 7.400 1487.17
7.490 1478.12 7.600 1463.76 7.700 1454.71
7.800 1445.93 7.900 1439.54 8.000 1427.83
8.090 1418.52 8.200 1412.67 8.310 1403.62
8.410 1400.16 8.490 1388.19 8.620 1384.99
8.720 1375.95 8.800 1371.95 8.910 1363.17.
9.000 1359.71 9.210 1350.14 9.400 1334.4.4
9.600 1316.61 9.800 1303.84 10.010 1296.92
10.210 1287.07 10.420 1274.83 10.600 1264.72
10.820 1257.80 11.000 1250.62 11.210 1238.11
11.400 1230.93 11.610 1218.69 11.800 1211.24
12.000 1206.98 12.220 1200.06 12.410 1190.22
12.610 1185.69 12.810 1181.44 13.010 1176.91
13.200 1169.73 13.400 1165.47 13.610 1161.21
13.810 1148.71 14.000 1146.84 14.210 1142.85
14.520 1140.46 14.820 1132.47 15.110 1124.49
15.420 1125.02 15.710 1114.11 16.010 1111.72
16.310 1106.66 16.610 1101.34 16.910 1096.29
17.210 1093.63 17.510 1088.57 17.910 1082.72_
18.210 1080.32 18.510 1069.41 18.910 1074.47
19.220 1066.75 19.600 1063.29 20.010 1060.10
20.300 1057.44 20.610 1052.38 21.100 1048.12
21.510 1045.20 21.910 1041.74 22.500 1039.61
203
Flow cham ber Pore W ater V e l.= 1 .7 2  m /d a y , K r= 8 .9 4 ,  Run # 2
T im e (m in .) E C T im e (m in .) E C T im e (m in .) EC
2.070 3028.62 2.100 3001.48 2.180 2971.42
2.220 2957.58 2.270 2930.44 2.300 2911.28
2.370 2886.53 2.420 2870.30 2.480 2848.48
2.520 2829.32 2.570 2812.83 2.630 2780.10
2.690 2766.26 2.750 2739.12
o00c4 2714.37
2.860 2698.14 2.910 2681.64 2.970 2657.16
3.010 2643.33 3.070 2621.51 3.110 2607.94
3.170 2586.12 3.210 2572.28 3.270 2553.12
3.320 2542.21 3.370 2517.73 3.420 2509.49
3.470 2487.67 3.510 2473.83 3.580 2457.60
3.620 2443.76 3.680 2424.60 3.720 2413.69
3.770 2411.03 3.830 2378.04 3.900 2367.13
3.960 2347.97 4.020 2331.74 4.070 2317.90
4.120 2304.33 4.180 2293.42 4.230 2276.92
4.310 2255.10 4.420 2227.70 4.610 2181.13
4.720 2156.39 4.820 2137.23 4.920 2112.48
5.020 2093.32 5.120 2076.82 5.220 2057.67
5.320 2038.51 5.420 2022.01 5.510 2002.85
5.620 1983.69 5.720 1964.53 5.810 1945.38
5.910 1931.54 6.010 1923.29 6.110 1898.55
6.210 1884.97 6.310 1871.14 6.410 1854.64
6.510 1835.48 6.610 1827.23 6.720 1808.07
6.810 1796.90 6.910 1783.33 7.010 1766.83
7.120 1755.66 7.210 1744.75 7.320 1728.25
7.410 1720.00 7.520 1708.82 7.620 1700.57
7.720 1686.74 7.810 1678.49 7.910 1670.24
8.010 1659.33 8.110 1648.16 8.300 1629.00
8.510 1609.57 8.710 1593.07 8.910 1578.97
9.100 1557.15 9.310 1548.64 9.500 1529.21
9.710 1512.72 9.900 1507.13 10.100 1485.04
10.300 1473.87 10.510 1454.44 10.710 1443.27
10.910 1432.09 11.100 1420.92 11.290 1410.01
11.500 1395.90 11.700 1392.98 11.910 1379.14
12.120 1373.55 12.290 1362.38 12.490 1351.20
12.710 1350.93 12.910 1334.17 13.100 1325.92
13.400 1314.48 13.700 1303.30 14.000 1294.79
14.200 1283.61 14.510 1275.10 14.810 1263.66
15.010 1258.07 15.310 1252.21 15.610 1246.36
15.910 1232.26 16.220 1223.74 16.500 1223.48
204
Flow cham ber P ore W ater V el.— 1.72 m /d a y , K r= 8 .9 4 ,  Run # 3
T im e (m in.) E C T im e (m in.) E C T im e (m in.) EC
2.060 3100.20 2.150 3057.63 2.220 3031.02
2.310 2979.93 2.410 2937.36 2.520 2894.52
2.640 2846.62 2.720 2812.03 2.820 2777.44
2.920 2737.52 3.020 2702.93 3.120 2662.75
3.210 2628.43 3.320 2596.50 3.420 2561.90
3.510 2535.56 3.620 2503.90 3.710 2477.55
3.820 2445.62 3.930 2416.62 4.110 2361.27
4.210 2337.59 4.320 2313.91 4.420 2284.91
4.520 2263.89 4.610 2240.20 4.720 2216.79
4.830 2190.44 4.930 2166.76 5.030 2148.67
5.130 2127.65 5.220 2106.89 5.330 2091.46
5.420 2073.10 5.530 2052.34 5.630 2031.32
5.710 2015.89 5.820 1994.87 5.910 1979.44
6.020 1958.68 6.130 1945.91 6.220 1930.21
6.430 1896.68 6.520 1883.91 6.620 1871.40
6.720 1853.04 6.820 1837.61 6.920 1824.84
7.030 1812.33 7.120 1796.63 7.220 1789.45
7.320 1774.02 7.420 1761.24 7.520 1748.47
7.620 1738.36__ 7.730 1725.85 7.820 1718.40
7.920 1702.97 8.020 1693.12 8.120 1685.67
8.230 1675.83 8.320 1663.06 8.420 1658.53
8.510 1642.83 8.620 1638.31 8.710 1625.54
8.820 1621.28 8.920 1605.58 9.020 1603.98
9.130 1588.55 9.230 1578.44 9.320 1576.58
9.510 1559.28 9.720 1541.99 9.920 1524.69
10.120 1512.98 10.310 1492.76 10.520 1483.71
10.720 1466.42 10.910 1451.78 11.110 1437.41
11.330 1428.37 11.520 1419.05 11.720 1410.01
12.010 1399.10 12.320 1379.94 12.610 1360.78
12.920 1352.53 13.220 1333.37 13.620 1317.94
14.000 1310.49 14.310 1294.26 14.620 1286.01
14.910 1283.35 15.230 1275.10 15.630 1257.00
16.020 1252.21 16.320 1235.72 16.620 1227.73
17.020 1217.62 17.400 1210.17 17.820 1208.31
18.220 1192.88 18.730 1178.24 19.220 1171.86
19.610 1167.07 19.920 1156.42 20.410 1155.36
20.920 1146.05 21.320 1144.45 21.820 1132.47
22.330 1131.41 22.720 1118.64 23.320 1121.30
23.720 1116.78 24.210 1104.80 24.710 1106.40
25.310 1092.83 25.700 1093.63 26.200 1095.22
